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CHAPTER ONE

INTRODUCTION

It is widely accepted that supercell thunderstorms are responsible for the greatest
production of impactful severe phenomena due to the nature of their development,
structure, and longevity (Duda and Gallus 2010). The hallmark of a supercell is the
temporal continuity of a quasi-steady rotating updraft through its depth, termed a
mesocyclone.

Studies have shown that while only 26% of storms exhibiting

mesocyclones are associated with tornadoes, nearly 90% are associated with a severe
event of some kind (Stumpf et al. 1998; Trapp et al. 2005). Therefore, development of
this feature is often enough to mark the transition of an ordinary convective storm cell to
a supercell thunderstorm and in most cases gives positive identification of a severe storm.
This relationship has motivated the development of technologies for earlier detection and
confirmation of the mesocyclone.
One of the main priorities of the operational weather community over the past
several decades has been to improve severe weather forecasts through fewer missed
events and false alarms while boosting lead time ahead of severe phenomena. It has been
suggested that the era of the Weather Surveillance Radar – 1988 Doppler (WSR-88D) is
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responsible for many of the largest recent improvements of warning statistics, while the
abundance of radar-centric methods in the literature for diagnosing and interpreting
severe storm characteristics through radar interrogation supports maximum return of
benefits from its use (Crum and Alberty 1993; Bieringer and Ray 1996; Marzban and
Stumpf 1996; Johnson et al. 1998; Mitchell et al. 1998; Stumpf et al. 1998; Brown et al.
2000a,b). One of the main radar-based methods of identifying a severe convective storm
is the detection of a vertically-contiguous couplet of Doppler velocity, or azimuthallyadjacent area of strong in-bound and out-bound velocities (relative to the radar), signaling
rotation in the vicinity of supportive radar reflectivity-defined storm structure. While
different algorithms exist to identify the depth, strength, and temporal continuity of these
features, these couplets accompanied by supportive radar reflectivity characteristics are
often taken to mark the location of a vortex, or in the case of a supercell, a mesocyclone
in a storm (Bieringer and Ray 1996; Mitchell et al. 1998; Stumpf et al. 1998; Witt et al.
1998). Because the mesocyclone identifies the supercell storm type and gives indication
of a severe storm, its radar signature is enough to merit closer forecaster attention and
often the issuance of a severe thunderstorm or tornado warning given a supportive
environment.

However, despite these methods, difficulty remains with correctly

diagnosing the first severe storm of an event as well as correctly forecasting for and
providing positive lead time on the first tornado of an event (Brotzge and Erickson 2010;
Brotzge and Donner 2013).
Further improvements to the warning process are continuously sought through
additional research studies, integration of new technologies aimed at increasing the
!2

situational awareness of a forecaster for earlier or more confident decisions, and shifts in
forecasting paradigm by projects such as Warn-on-Forecast (Stensrud 2009). Among
these initiatives are explorations of datasets with the prospective ability to complement
the information afforded by Doppler weather radar for enhanced situational awareness
and increased confidence in forecast decisions. Total lightning, or combined in-cloud
(IC) and cloud-to-ground (CG) flashes, offers this capacity based on the repeated
documentation of its enhanced activity followed by manifestations of severe weather at
the ground (e.g., Williams et al. 1999; Goodman et al. 2005; Steiger et al. 2007;
Montanyà et al. 2007, 2009; Schultz et al. 2009, 2011; Darden et al. 2010; Gatlin and
Goodman 2010; Pineda et al. 2011). Subsequent research has investigated the physical
mechanisms within a storm that drive lightning production, returning results that flash
production and the characteristics of flashes within a storm are dynamically tied to
updraft characteristics (Williams et al. 1989; Schultz et al. 2009, 2011, 2015; Gatlin and
Goodman 2010).
While studies investigating these and other facets of the relationship between
lightning and severe weather have been conducted for decades, the most recent work
explores its operational potential through concepts such as the lightning jump, which
quantifies rapid increases in total lightning flash rate associated with a strengthening
updraft that precede storm intensification and severe weather production (Schultz et al.
2009, 2011; Gatlin and Goodman 2010). The viability of its usage in operations is also
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enhanced by the increasing widespread availability of total lightning1 data, particularly
through the anticipated launch of the Geostationary Operational Environmental Satellite
R-series (GOES-R) Geostationary Lightning Mapper (GLM), which is expected to
provide nearly uniform coverage of total lightning over the Americas (Goodman et al.
2013). However, development of lightning-based forecasting algorithms with the intent
of operational deployment has not yet approached fusing radar and lightning data into a
single tool that capitalizes on the unique, though not disparate, information about the
updraft and related storm intensification provided by each platform. In order to meet this
objective, the conceptual framework linking the physical processes interpreted from each
set of observational data must first be developed.
The updraft of a supercell storm provides the commonality between the processes
that drive total lightning flash production and those which control the establishment and
intensification of the mesocyclone.

Briefly, through the non-inductive charging

mechanism, cloud electrification takes place, which is followed by charge separation
within the storm as a result of differences in particle size and fall speeds and mid-level
updraft interactions (Takahashi 1978).

This charge separation results in eventual

electrical discharge and ultimately flash production.

Meanwhile, through tilting and

stretching of horizontal vorticity by the updraft, a mesocyclone is formed. The result of
stronger updrafts is greater stretching of the vortex and a resultant stronger mesocyclone
(Brandes 1978; Doswell and Burgess 1993; Markowski and Richardson 2009).

1

Hereafter, use of the term “lightning” will refer to “total lightning” unless otherwise
specified.
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Therefore, it is hypothesized that based on the conceptual model of a supercell
thunderstorm, increased flash rates signaling strengthening of the updraft would concur
with or precede the development and increasing rotation of the mesocyclone.
Total lightning obtained from local Lightning Mapping Arrays (LMAs), azimuthal
shear derived from WSR-88D Doppler velocity data, and the National Severe Storms
Laboratory (NSSL) Mesocyclone Detection Algorithm (MDA) strength index (MSI) are
the primary tools used to explore this concept in the context of supercell thunderstorm
case studies (Stumpf et al. 1998). While this work addresses the temporal relationship
between radar-derived rotation characteristics and lightning-inferred updraft strength, it
also considers how the coupling of datasets might provide value-added information over
what could be gained from use of the individual data types alone. Past studies have
examined CG lightning specifically with respect to tornado formation, and a few studies
have explored total lightning with respect to aspects of the mesocyclone. These examples
span work by MacGorman et al. (1989) and MacGorman and Nielson (1991) who
documented correlations between IC lightning and cyclonic shear associations in
supercells to that of Stano et al. (2014) who discuss rapid increases in total lightning as
related to the life cycle of a mesocyclone in a supercell. However, the present study
uniquely addresses total lightning trends with respect to mesocyclone development and
maintenance through a larger sample of cases, considering a spectrum of supercell
morphology and severe weather production. Additionally, the differentiation between
tornadic and non-tornadic supercells will be considered, though few major discrepancies
in lightning and rotation trends are expected. Mid-level updraft processes controlling
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lightning production and storm-scale rotation are thought to be generally separate from
the low-level processes accepted as responsible for tornadogenesis (Markowski and
Richardson 2009). Markowski and Richardson (2014) further discuss than an established
mesocyclone may augment low-level rotation to induce tornadogenesis, given other
prerequisite conditions related to cold pool strength and low-level shear. Therefore, it is
hypothesized that any differences found between tornadic and non-tornadic supercells
from the perspective of the updraft-centric lightning-rotation relationship would be
suggestive at best of a supportive but insufficient component of tornadogenesis.
The following chapters will detail results of work done previously in the areas of
lightning and severe weather detection, research, and forecasting as well as discuss the
data and methods used for this study.

Results of the analysis of lightning and

mesocyclone rotation will be presented followed by discussion of pertinent trends and
any unique features and discrepancies. The final portion will present major conclusions
and identify areas for future study. Ultimately, results will enforce the ways in which
total lightning provides value-added information to the forecaster that would either
support radar-inferred updraft information or reveal additional information that would
allow more confident decision-making.
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CHAPTER TWO

BACKGROUND

A review of foundational research in establishing the conceptual model and
defining characteristics of supercell thunderstorms is first necessary to establish context
for this study.

This will include discussions on previous work examining the

mesocyclone, the processes of severe weather production, as well as the apparent role of
storm structure and dynamics in tornadogenesis. Next, the predominant theory on storm
electrification and lightning production will be described as well as research relating
lightning to supercells and severe phenomena. Finally, a recent history of developments
in severe weather detection methods and technologies will be discussed.

2.1 Supercell Thunderstorms
The supercell storm mode is a feature that has long been identified as the primary
producer of severe phenomena largely due to its unique dynamic and kinematic makeup
(Lemon and Doswell 1979; Doswell and Burgess 1993; Moller et al. 1994).

As a

mesoscale feature, it has length and depth scales of several kilometers and can typically
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last for a few hours once it reaches maturity (Doswell and Burgess 1993).

While

supercells are by-and-large described as quasi-steady-state and single-cellular,
observations lend that a supercell evolves slowly during its lifetime as well as that multicell features can exist within it (Brandes 1993; Doswell and Burgess 1993; Moller et al.
1994). Considering these observations, the supercell is more carefully defined as a storm
in which variations of the updraft with time are spatially significantly smaller than the
size of its diameter, maintaining a persistent background state (Brandes 1993).

The

presence of a persistent, deep rotating updraft and downdraft pair, or mesocyclone, is also
noted as the primary requirement for a storm to be considered a supercell (Lemon and
Doswell 1979). It is often the collapse of the updraft that disrupts the mesocyclone and
marks the demise of a supercell (Doswell and Burgess 1993).

2.1.1 Supercell Structure
Through modeling studies and field and radar observations, the structure of a
supercell can be reliably defined two- and three-dimensionally in terms of wind and
precipitation fields. Described in detail in Lemon and Doswell’s (1979) landmark work,
the supercell consists of a strong updraft, a persistent vortex through the majority of the
storm depth referred to as a mesocyclone, as well as a primary downdraft near the
forward flank (FFD) in the main precipitation region and a secondary downdraft to the
rear flank (RFD) alongside the updraft; shown in Figure 2.1. Once precipitation develops
within a convective storm, divergence at the apex of the strong updraft projects
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Figure 2.1 Adaptation of Lemon and Doswell’s (1979) Figure 7 showing the twodimensional structure of a supercell thunderstorm. The thick line represents the
reflectivity outline of the supercell while the gust front and occluded wave are drawn
with frontal symbols. The forward flank downdraft region is shaded and labeled “FFD,”
as is the rear flank downdraft region, labeled “RFD.” The updraft region is shaded and
labeled “UD.” Streamlines are drawn as arrows with thin lines, and an outlined arrow
gives a sense of simplified storm motion. © Copyright 1979 AMS

precipitates into the anvil region, assisting in maintenance of positively buoyant air
within the updraft by removing these sources of negative buoyancy. The descent of these
precipitates results in downward drag as well as evaporative cooling which create
negatively buoyant air, resulting in the overall downdraft at the point of fallout along the
forward flank of the supercell (Lemon and Doswell 1979). Generation of the RFD is
thought to result from dynamic and thermodynamic causes, with measurements from
parcels sampled from the downdraft at the surface suggesting that combinations of both
are possible (Markowski and Richardson 2010, chapter 8). It can be modeled and has
been observed that cool, dry ambient air and mean flow at mid-levels encroach upon the
edge of the updraft, which acts as a boundary due to the associated sharp gradient of
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vertical motion, and deflect downward at the updraft, shown in Figure 2.2.

The

downward motion is then accelerated by negative buoyancy associated with the dryer,
denser air.

Parcels descending in this manner collect precipitation and become more

negatively-buoyant through drag and evaporation effects (Lemon and Doswell 1979,
Markowski 2002; Markowski and Richardson 2010, chapter 8). Dynamically, it is also
thought that downward-directed vertical pressure gradient forces in the vicinity of the
rear flank may also contribute to downdraft acceleration of the RFD (Lemon and Doswell
1979; Markowski and Richardson 2010, chapter 8).
The formation and maintenance of a mesocyclone, considered the identifying
feature of a single- or multi-cell storm that has evolved into a supercell, is tied to updraft
and downdraft interactions (Figure 2.2). Defined as a vortex with cyclonic vorticity on
the order of 10-2s-1 that lasts tens of minutes, the mesocyclone is typically two to ten
kilometers wide and has been described as a divided structure between the rotating
updraft and the RFD (Lemon and Doswell 1979; Moller et al. 1994;
Markowski and Richardson 2009). Initial mid-level (3-6 km AGL) rotation in a storm is
generated by low-level shear-induced streamwise horizontal vorticity that has been tilted
into the vertical and subsequently stretched by the updraft, as shown in Figure 2.3
(Lemon and Doswell 1979; Davies-Jones 1984; Davies-Jones and Brooks 1993;
Markowski and Richardson 2009). The process of low-level mesocyclone generation is
less understood, though it is suspected to result from baroclinic vorticity created by the
downdraft that is tilted and stretched by the updraft and possibly thunderstorm outflow
(Davies-Jones and Brooks 1993; Brooks et al. 1994; Markowski and Richardson
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Figure 2.2 Reproduction of Lemon and Doswell’s (1979) Figure 9 depicting the
formation and evolution of a mesocyclone and associated tornadic vortex. In (a), the
mean flow interacts with the rotating updraft, descending to initiate the RFD, while the
FFD is pre-established downwind of the updraft. In (b), the RFD reaches the surface,
interacting with the outflow of the FFD. The illustration in (c) gives the developed
mesocyclone vortex between the updraft and RFD couplet while the RFD begins to
occlude the mesocyclone and interrupt the updraft. The updraft is reinvigorated in (d) by
convergence at the surface. © Copyright 1979 AMS

2009, 2014). Occasionally, storms can exhibit cyclic mesocyclogenesis which entails
production and decay of a series of mesocyclones within a single supercell.

This is

believed to occur as the RFD separates the low-level mesocyclone and updraft from the
inflow of a storm, while creating a zone of strong convergence that prompts
redevelopment of the low-level mesocyclone (Lemon and Doswell 1979; French et al.
2008).
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Figure 2.3 Reproduction of Figure 8 from Davies-Jones (1984) depicting the interaction
of the updraft with streamwise vorticity such that mid-level rotation is generated through
the initial vertical tilting and subsequent stretching of this vorticity.
© Copyright 1984 AMS

2.1.2 Supercell-Supporting Environments
The spatial and temporal scales of supercells are possible because of a
combination of robust environmental instability and strongly-sheared wind profiles.
Instability is frequently assessed through convective available potential energy (CAPE),
given by Equation 2.1 as:
CAPE =

R zLFC
zEL

g⇤

Tv Tv
Tv

dz

(2.1)

where zLFC is the height of the level of free convection, or the level at which a parcel
would be warmer than its environment and begin to rise; zEL is the height of the
equilibrium level, or level at which a parcel will be the same temperature as its
environment such that it stops rising; g is gravity; Tv is the virtual temperature of the
parcel; and Tv is the environmental virtual temperature (Moncrieff and Miller 1976;

!12

Markowski and Richardson 2010, chapter 2). CAPE can be determined using different
parcel origins for most unstable (MUCAPE), mean or mixed layer (MLCAPE), as well as
surface-based (SBCAPE) solutions. Normalized CAPE (NCAPE), meanwhile, takes into
account the vertical distribution of CAPE that carries implications for updraft strength,
resulting in larger normalized numbers for “short, wide” CAPE profiles that are more
conducive to strong updrafts than “tall, narrow” CAPE profiles. That is, “short, wide”
CAPE profiles indicate a greater concentration of accessible instability whose updrafts
typically suffer less from entrainment and mixing of cool, negatively buoyant air and
hydrometeor drag effects than their “tall, narrow” counterparts with equivalent CAPE
values (Bluestein 1993; Blanchard 1998; Craven et al. 2002b; Thompson et al. 2003).
Practically, NCAPE is obtained from dividing CAPE by the depth over which CAPE is
computed.
While CAPE is required to initiate convection, shear has been shown to be most
influential in storm mode determination (Weisman and Klemp 1982; Bluestein 1993;
Moller et al. 1994). Shear is usually assessed between zero and three (0-3) or zero and
six (0-6) kilometers. While its magnitude is important with respect to that of instability,
its vertical distribution also affects storm mode, as examined by Weisman and Klemp
(1986). From their work, a “quarter-circle” hodograph as shown in Figure 2.4 is typically
associated with right-moving supercells. Despite this knowledge, there are not specific
thresholds of either parameter that provide a clear discrimination between environments
that will support mesocyclone and supercell formation versus multicellular storms
(Moller et al. 1994). However, it has been shown that parameters combining CAPE and
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Figure 2.4 Reproduction of Figure 15.17 from Weisman and Klemp (1986) of a rightmoving supercell generated in a simulation using a “quarter-circle” hodograph, shown in
the top left quadrant of the figure. Storm-relative motions of left-moving and rightmoving supercells are shown as the arrows marked “L” and “R,” respectively.
© Copyright 1986 AMS

shear, such as the environmental helicity index (EHI), the Bulk Richardson Number
(BRN or Ri), and the Craven-Brooks Significant Severe Parameter, offer a reasonable
way to discriminate between ordinary and supercell storms as well as tornadic supercell
environments in some cases (Weisman and Klemp 1982; Bluestein 1993; Moller et al.
1994; Rasmussen and Blanchard 1998; Craven et al.2002a). Specifically, EHI is given
by Equation 2.2 as:

EHI =

CAPE ⇤ Storm Relative Helicity
1.6x105

(2.2)

where storm relative helicity (SRH) with units of m2s-2 is a measure of the potential for
an updraft to acquire rotation. It has been shown that there is potential for supercells
when EHI >1.0 (increased potential when EHI >2.0) and tornadic supercells when
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EHI >1.5 (Rasmussen and Blanchard 1998).

Storm relative helicity (SRH) has been

utilized as a measure of the ability for supercell structure to develop through
environmental propensity for mesocyclogenesis (Thompson et al. 2007; Markowski and
Richardson 2010, chapter 8). Physically, it represents how well the environmental wind
aligns with the vorticity through the storm inflow depth, essentially providing evaluation
of the degree of streamwise vorticity available to support supercell structure.
Graphically, SRH is the area swept out between the hodograph curve, or radial plot of
winds with height, and the storm motion vector (Figure 2.4). When considered through
the 0-1 km layer, it may also convey the availability of low-level vorticity to lend toward
tornadic development (Kerr and Darkow 1996; Kumjian and Ryzhkov 2009; Markowski
and Richardson 2010, chapter 8).

Considering the remaining forecast parameters,

supercells are also more likely given BRN < 50 as determined by Weisman and Klemp
(1982).

Further, Craven et al. (2002a) determined wide ranges of the Craven-Brooks

Significant Severe Parameter over which thunderstorms, severe events, significant severe
events, and tornadoes were increasingly likely.
Potential for tornadic development can also be discussed from the perspective of
lifted condensation level (LCL) heights, or the height at which a parcel will condense
when it is raised adiabatically. Rasmussen and Blanchard (1998) and Rasmussen (2003)
show that in an environment favorable for supercell development, significant tornadoes
are more likely when LCL heights are ≤800 m.

Though tornadic development is of

secondary importance to this work, it will be evaluated in conjunction with lightning and
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mesocyclone analysis. The specific importance of low LCL heights and other factors in
tornadogenesis will be discussed further in the following subsection.

2.2 Supercell Severe Weather Production
As mentioned, supercells are the most prolific producers of severe weather, with
the strong, quasi-steady updraft and primary downdrafts acting as the central factor and
catalyst for hail, strong wind, and tornado production.

The longer duration of the

supercell, and its updraft, translate not only to more robust severe weather but also a
prolonged opportunity.

Many observational, modeling, and climatology studies have

been conducted concerning the severe phenomena produced by supercells, but only the
general processes of production within the context of the supercell conceptual model will
be discussed here to convey essential background information.

2.2.1 Production of Hail
While a more robust updraft may aid the process, hail production in any storm
requires only large frozen raindrops, graupel hailstone embryos, and ample supercooled
cloud drops for growth of the hail embryos (Bluestein 1993). Bluestein (1993) outlines a
series of events from prior research (e.g., Browning and Foote 1976; Browning et al.
1976; Foote and Knight 1977; etc.) that may take a hail embryo through a supercell,
resulting either in a failed embryo or a mature hailstone of varying size, illustrated in
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Figure 2.5 (Conway and Zrnić 1993). First given is the possibility that a hail embryo
may form in the inflow region and enter the strong updraft such that it is projected
through the anvil to exit the storm without undergoing any accretional growth.
Alternatively, an embryo may enter the updraft at the periphery where entrainment of less
buoyant air slows vertical motion, allowing for some growth of the embryo to the size of
small hail of roughly 0.25 in. in diameter. This small hailstone may fall partially out of
the updraft such that it can reenter at a lower point, rising again through supercooled
droplets for further growth (Browning and Foote 1976; Bluestein 1993). Conway and
Zrnić 1993 discuss that hailstones following trajectory C in Figure 2.5 typically grow the
largest as they travel through coldest regions with highest liquid water content. Bluestein
(1993) further provides that given a stronger updraft, larger hailstones can be carried for
longer periods with more exposure to supercooled water for added growth before they are
of a large enough size to fall through the storm.

2.2.2 Production of Non-Tornadic Severe Winds
While severe or damaging winds are often associated with tornadoes,
non-tornadic winds are also responsible for a portion of severe weather related to
supercells. Downbursts from the region of the RFD have been observed and can result in
wind damage (Fujita 1981; Fujita 1985; Bluestein 1993). In this region of a supercell,
downward acceleration of air is enhanced as previously discussed by precipitation
loading from updraft fallout, evaporative cooling, and dynamic vertical pressure
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Figure 2.5 Three-dimensional hail development trajectories from Conway and Zrnić
(1993) are shown. Following hail embryo formation as described by Browning and Foote
(1976), three most common trajectories of successful formation are given by annotations
A, B, and C. © Copyright 1993 AMS

perturbations that lend to the generation of negative buoyancy. While this negatively
buoyant air will ordinarily result in divergence and a gust front at the surface,
occasionally the magnitude of the downward acceleration can produce wind speeds of
greater than 50 knots, operationally categorized as severe wind, or gusts that result in
downed trees or damaged structures (Bluestein 1993; Smith et al. 2013).

2.2.3 Tornadogenesis
Though only 26% of mesocyclones are associated with tornadoes, the strongest
tornadoes are nearly exclusively associated with supercells (Brooks et al. 1994; Trapp
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et al. 2005). Despite many observational and modeling studies, the exact mechanisms for
low-level vorticity generation and ultimately tornadogenesis remain as open questions in
supercell and tornado research. Several proposed tornadogenesis mechanisms have been
tested over the past several decades in models and with observational case studies,
including Brandes’ (1984) “shear instability hypothesis;” Leslie’s (1971) and Trapp and
Davies-Jones’ (1997) dynamic pipe effect (DPE) in which a mid-level vortex builds
downward; vortex breakdown presented by Wakimoto and Liu (1998) and Trapp (2000);
and the recycling hypothesis given by Fujita (1975) and revisited by Davies-Jones
(2008). Inevitably, obstacles to related observational research include limited proximity
of instrumentation intended to sample tornadogenesis as well as sampling limitations
when radar is employed. Partially as a result, observational studies do not always agree
with modeling results, nor do they consistently support or contest each concept.
Recently, data from the Verification of the Origins of Rotation in Tornadoes Experiment
(VORTEX, VORTEX2) field campaigns have resulted in conceptualizations that allow
for low-level vorticity generation and resultant tornadogenesis that have been produced in
modeling results and observed in case studies (Rasmussen et al. 1994; Markowski and
Richardson 2009, 2014; Wurman et al. 2012; Dahl et al. 2014). For brevity, only the
most recently proposed mechanisms will be discussed in detail here.
The definition of a tornado requires substantial vertical vorticity very near to the
ground.

Recent simulations by Markowski and Richardson (2014) marry observed

processes with output from more complex models, exhibiting in greater detail how the
primary downdrafts in supercells play a pivotal role in tornadogenesis. Recent evolving
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conceptual understanding suggested foundationally that near-surface vorticity is
generated as the RFD tilts environmental streamwise vorticity closer to the surface than
the updraft alone is capable of (Markowski and Richardson 2009).

Then, it was

suggested that this near-surface vertical vorticity could be ingested into the updraft to join
with pre-existing low-level rotation, forming the tornadic vortex. While aspects of this
process as described have perpetuated, expanding work suggests that downdrafts would
baroclinically generate and transport near-surface vorticity, while the cold pool resulting
from downdrafts aids in orienting vorticity into the vertical (Davies-Jones 2000; DaviesJones et al. 2001; Markowski and Richardson 2009, 2014; Kosiba et al. 2013; Dahl et al.
2014). Markowski and Richardson (2014) also found that the generation of strong lowlevel vorticity in this manner must occur such that it aligns with the region of maximum
ascent, below the mid-level updraft.
In exploring updraft, downdraft, and environmental shear interactions, Markowski
and Richardson (2014) reinforced several other studies and made new, clear distinctions
concerning the role of environmental low-level shear and LCL heights in supercell
tornadogenesis. First, they confirmed that environmental shear, while necessary to the
supercell tornadogenesis process, does not produce the near-surface circulation required
as once thought.

Rather, baroclinic generation is solely responsible, while low-level

shear serves to enhance the low-level mesocyclone (Straka et al. 2007; Markowski et al.
2008, 2011, 2012; Markowski and Richardson 2014; Marquis et al. 2012; Kosiba et al.
2013). That is, it is suggested that low-level shear enhances the vertical perturbation
pressure gradient force of the updraft and in turn, serves to lower the base of the mid!20

level mesocyclone, reinforcing dynamically-induced upward motion (Rotunno and
Klemp 1982; Lilly 1986).

Further, Markowski and Richardson (2014) supported the

observed importance of low LCL heights to tornadogenesis in the literature (Craven et al.
2002b; Thompson et al. 2003; Craven and Brooks 2004), finding that downdrafts and
associated cold pools have small negative buoyancy in such environments, preventing
strong cold pool displacement of near-ground circulation from the strongest stretching
influence of the mid-level mesocyclone. Therefore, the condition of a strong mid-level
mesocyclone, supported by the presence strong low-level shear, was deemed a necessary
but insufficient condition for near-surface circulation, strong dynamic lifting, and implicit
tornadogenesis (Markowski and Richardson 2014). This relatively delicate combination
of buoyancy and shear requirements coupled with spatial constraints reasonably explain
observations of failed tornadogenesis as well (Markowski and Richardson 2002, 2009,
2014).

2.3 Lightning in Supercells
Of convective storm modes, supercells are the most prolific lightning producers,
with documented flash rates exceeding one hundred flashes per minute not uncommon
(e.g., Tessendorf et al. 2005; Wiens et al. 2005; Steiger et al. 2007; Calhoun et al. 2013).
Over the past several decades, related research has investigated the electrification process
of thunderstorms, supercell charge structures, and trends in total and CG flash rates, as
well as how these properties are related to supercell structure and potential severity.
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2.3.1 Thunderstorm Electrification and Charge Structure
While production of lightning in supercells is of primary interest in this study,
understanding of the basic electrification structure and charging mechanisms of
thunderstorms is necessary as a foundation for how lightning reflects their physical
naissance and evolution.

Historically, several mechanisms for thunderstorm

electrification have been proposed, including the convection mechanism, the inductive
charging mechanism, and the non-inductive charging mechanism (Vonnegut 1953;
Takahashi 1978; Kuettner et al. 1981; Sartor 1981; Lhermitte and Williams 1983;
Illingworth and Caranti 1985; Saunders 1993; MacGorman and Rust 1998;
Rakov and Uman 2003). While some areas of uncertainty remain, a combination of these
charging mechanisms are suspected to play a role in the development of thunderstorm
charge structures, particularly those in supercells (Stolzenburg et al. 1998c). The longtime generally-accepted electrical structure of thunderstorms is referred to as the tripole
model, in which a main negative charge, typically observed between 3.0 and 5.0 km, is
surrounded by a region of positive charge above, at heights ≥6.0 km, and a smaller region
of positive charge below, observed between 1.5 and 3.0 km (Rakov and Uman 2003,
chapter 3).

However, recent field observations conducted with electric field-sensing

instrumentation resulted in inferences that more complex structures are present,
especially in more robust convection (Stolzenburg et al. 1998a,b,c; MacGorman et al.
2005). A three-part body of work by Stolzenburg et al. (1998a,b,c) describes the recent
literature concerning charge structure models and charging mechanisms in concert with a
large body of observations in support of a four- to six-part charge layer model of
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convective storms, shown in Figure 2.6. They state that main charge regions documented
may be explained by the non-inductive charging mechanism, and that this mechanism
may be most crucial for the establishment of other necessary charging mechanisms to
develop additional charge layers.

Stolzenburg et al. (1998c) give the most thorough

discussion of the ways in which other mechanisms not requiring an electric field,
inductive mechanisms, as well as screening layer charge mechanisms may contribute,
with the caveats that the charging process is not well-understood and yet-undiscovered
mechanisms may contribute appreciably as well. MacGorman et al. (2005) support this
idea, supplementing it with explanations of how inverted polarity storms may be
generated using electric field observations of supercell vertical structure from the Severe
Thunderstorm Electrification and Precipitation Study (STEPS) (Lang et al. 2004).

Figure 2.6 Reproduction of Figure 3 from Stolzenburg et al. (1998c). The updated charge
structure of a thunderstorm is shown, with four main charge regions in the updraft region
along with six main charge regions in other convective, precipitating regions of the storm.
Copyright 1998 by the American Geophysical Union
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Ultimately, the differentiation between the tripole and updated models results from
varying convective structure and updraft speeds that affect multiple modes of charge
distribution. As the non-inductive charging mechanism has emerged as the most likely
dominant mechanism, it will be discussed in more detail here. For more comprehensive
treatment of the other named mechanisms, the reader is referred to the references
provided.
Through the non-inductive charging mechanism, also referred to as the graupelice collision-based mechanism, no pre-existing electric field is required for charging, thus
differentiating it from other theories. It is generally accepted as the primary and most
likely the initial method by which thunderstorm charge structures are established
(Stolzenburg et al. 1998c).

This mechanism gives that by gravitational separation,

graupel falls through and below regions of ice crystals due to its greater size and mass,
resulting in numerous graupel-ice collisions. Facilitated by the presence of supercooled
water, net charge transfer takes place during these ice hydrometeor collisions (Reynolds
1957).

Specifically, the graupel particles become net negatively-charged, while ice

crystals become net positively-charged in thunderstorm mid to upper levels where
temperatures range from -10ºC to -20ºC. As the graupel separates from the ice and settles
in the middle and lower levels of a storm cloud, the main negative charge region
associated with graupel is created below the upper positive charge region left by the ice
crystals aloft (Reynolds 1957).

However, below the region of -10ºC and -20ºC

temperatures, where temperatures are warmer, falling graupel becomes net positivelycharged through collisions while ice becomes net negatively-charged.
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The result of

further gravitational separation between ice and graupel in the warmer temperature region
lower in a thunderstorm is consistent with the lower positive charge region documented
in the general tripole model of thunderstorm charging (Takahashi 1978; Rakov and Uman
2003, chapter 3). The temperature at which the reversal of graupel polarity occurs is
referred to as the “reversal temperature,” and usually occurs near -10ºC under typical
thermodynamic conditions in which temperature generally decreases with height
(Takahashi 1978).

This theory was first proposed by Reynolds (1957), but was

subsequently analyzed and modeled in a laboratory by Takahashi (1978) who confirmed
the temperature dependency of the net charge result.

Later work by Saunders et al.

(1991), Saunders (1994), and Saunders and Peck (1998) showed that the size of particles,
relative particle velocities, temperature, and the effective liquid water content have an
effect on the charging process, controlling the sign and magnitude of charge transferred
during collision. These dependencies ultimately further relate electrification to storm
microphysical properties and environmental conditions.

2.3.2 Flash Production as Related to the Updraft
During storm electrification, electric fields build as charge regions associated with
gravitational separation of charged hydrometeors develop. Electric potential difference
simultaneously increases until eventual breakdown occurs, resulting in one or more
lightning flashes. The updraft is thought to contribute to maintained electrification by
lofting mixed-phase precipitation mass from other regions of the storm and
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supplementing liquid water content, resulting in further hydrometeor collisions and
resultant charging. Further, the updraft has been shown to carry positively-charged ice up
within the storm, aiding in charge separation and increasing potential difference leading
to breakdown (Deierling et al. 2008).
While the updraft contributes to the establishment of the thunderstorm charge
structure in this way, substantial links between the updraft and flash production have been
made as well. A study by Carey and Rutledge (1996) examined the evolution of graupel
mass within a convective storm and IC flash rates. Results included that the volume of
graupel and hail with height in a storm, exemplifying hydrometeors lofted within the
updraft, was well correlated with flash rates. Also, the IC flash rate trends followed
graupel volume trends during storm development, likely reflecting time required for
charge regions to be established as graupel separates from ice regions following
collisions. A later study by Carey and Rutledge (2000) analyzed the relationship between
flash rate and mixed-phase ice mass in convective storms, with results that the two
properties are well-correlated, signaling the importance of hydrometeor contributions to
flash production.

When continued investigation of updraft properties in addition to

particle mass and volume were considered in later studies, results further supported
importance of updraft characteristics. Deierling and Petersen (2008) explored the effects
of updraft volume and speed on total lightning production, concluding that in their 11storm sample, the updraft volume above the -5ºC level in regions of updraft speeds
greater than 5 ms-1 is better correlated with mean total lightning production than updraft
speeds alone. The physical basis for this finding is that larger updraft volumes are better
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able to produce hydrometeors through riming and accretion, leading to more numerous
graupel/ice crystal collisions and amplified charge separation for increased breakdown.
In a study of a high precipitation supercell, Calhoun et al. (2013) reiterated this
assessment, noting less agreement between variations in updraft velocities and flash rates
and more agreement between flash rates and updraft mass flux or updraft volume
throughout the storm depth.
Along a similar thread, Deierling et al. (2008) conducted one of the first
observations-based studies examining the flux hypothesis that relates the updraft, ice
precipitation mass, and its movement within a storm to lightning production (Blyth et al.
2001; Latham et al. 2004). Specifically, the flux hypothesis suggests that lightning flash
rate is directly proportional to the downward flux of graupel or small hail, referred to as
precipitation ice mass, and the upward flux of ice crystals, referred to as non-precipitation
ice mass, through the top of the charging region. In 11 storms, Deierling et al. (2008)
observed a linear relationship between the product of updraft-driven non-precipitation ice
mass flux and total precipitation ice mass flux and flash rates with a correlation
coefficient of 0.96, suggesting a strong relationship. Additionally, they noted that graupel
flux and non-precipitation ice flux individually related to flash rates with high correlation
coefficients of 0.93 as well. Their results combine with those of Deierling and Petersen
(2008) and others to assert that larger updraft volumes a) supply and produce more
supercooled water and ice hydrometeors in the charging region, leading to increased
graupel-ice collisions as well as b) promote charge separation via ice fluxes leading to
increased electric potential difference, eventual breakdown, and greater flash production.
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Others, including Bruning and MacGorman (2013) have noted that stronger, more
turbulent updrafts also affect flash production and flash rates by establishing smaller
charge regions, or charge pockets, that result in smaller but more numerous flashes.
Calhoun et al. (2013) discuss that high flash rates in excess of 100 flashes per minute
(fpm) may indicate the presence of such a robust, turbulent updraft. In this situation, the
smaller individual flashes may be more difficult to algorithmically distinguish such that
observed flash rates of the magnitude described may not be strictly physical.

2.3.3 Lightning and Severe Weather
Based on the microphysical and dynamic ties of lightning production to the
updraft of convective storms and the controls of the updraft in supercells on severe
weather production, a plethora of studies have explored lightning in the context of severe
phenomena. Over time, observationally-based studies have explored characteristics of
CG flashes as well as of total lightning with respect to supercell characteristics and severe
events. The properties investigated that are addressed here include flash polarity and
flash rates. While the history of studies primarily observing CG trends will be covered to
a certain degree, it should be noted that research in this area is extensive and the results
varied. General consensus over time provides that total lightning has emerged as a more
reliable indicator of updraft behavior as it paints a fuller picture of in-cloud processes and
overall storm evolution.
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2.3.3.1 Cloud-to-Ground Lightning Trends
CG lightning refers to the electric discharge process by which cloud charge of
either polarity is transported to the ground. Rakov and Uman (2003, chapters 1, 4, 5)
give an overview of CG processes, including that upward and downward leaders of either
polarity are possible, though downward leaders initiate most CG flashes.

Further,

roughly 90 percent of global CG lightning flashes result from downward negative flashes,
while ten percent or less result from downward positive flashes. Flashes via upward
leader processes make up a minute fraction of all CG flashes. It should be noted that the
polarity of a CG flash, positive or negative, is determined solely by the charge neutralized
in the cloud; not necessarily by the polarity of the initial leader.
Because the polarity of a CG flash is thought to reveal information about a
storm’s electric structure and consequently its kinematic and dynamic composition, this
aspect has been the subject of many studies exclusively exploring CG lightning within
the context of severe storms (i.e., Reap and MacGorman 1989; Branick and
Doswell 1992; Seimon 1993; Knapp 1994; MacGorman and Burgess 1994; etc.).
Overall, the dominant polarity noted with supercells and with tornado production varies
depending on the charge structure observed within the storm, seemingly affected by
region, supercell precipitation quality (high precipitation, HP; classic, CL; or low
precipitation, LP), as well as mesoscale environment. For instance, Branick and Doswell
(1992) concluded that during the same event, some tornadic LP supercells displayed
higher positive CG percentages whereas other tornadic supercells were negative CGdominant, likely due to their HP nature. MacGorman and Burgess (1994) found similar
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results in their study of 15 storms, the majority of which were classified as supercells,
citing that most positive CG-dominant storms were classified as LP and became negative
CG-dominant during evolution to CL or HP stages. However, they noted that a few CL
supercells exhibited greater positive CG behavior indicating that this characteristic is not
limited to LP supercells in all cases. In later studies, exceptions in these behaviors were
noted; particularly, documented LP and HP supercells exhibited no positive CG behavior
and positive CG-dominant behavior, respectively (Bluestein and MacGorman 1998).
With respect to severe reports, various and conflicting findings are noted. For
storms exhibiting enhanced positive CG activity, Reap and MacGorman (1989) and
MacGorman and Bluestein (1994) found that the largest hail coincided with positive CG
periods and decreased in size once the storm became negative CG-dominant. However,
Carey and Rutledge (1998) determined that more positive CG lightning followed
production of large hail, though IC lightning flash rates did rapidly increase prior to
onset. Looking to tornado occurrence, MacGorman and Nielsen (1991) found an increase
in positive flash rates prior to the time of a tornado followed by a maximum in positive
CG flashes during the tornado. Later, it was found across multiple studies that a higher
percentage of storms exhibiting positive-dominant CG behavior was tornadic, though
instead, the highest positive CG flash rates were reached prior to and then substantially
diminished ahead of the strongest tornado (Seimon 1993; Knapp 1994; MacGorman and
Burgess 1994). However, these findings are refuted as well. For instance, Perez et al.
(1997) determined that in 42 storms producing “violent” F4 to F5 tornadoes, only seven
were characterized by mostly positive CG flashes, and that unlike a finding of Seimon
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(1993), the majority of supercells (36 of 42) showed no polarity reversal prior to
tornadogenesis.

Further, Carey et al. (2003b) found that any observed relationships

between large hail- and tornado-producing thunderstorms and CG polarity aligned well
with regional variations.

That is, their work indicates that the tendency of storms

producing severe weather to produce mainly positive or negative CG flashes is more
likely a function of environment than of unique severe storm dynamics.
When adding flash rate characteristics of CG lightning to analysis, especially in
terms of polarity, results from different literature show further inconsistency.

For

instance, Knapp (1994) found in a large sample of storms that positive and negative CG
flash rates increased leading up to the time of documented tornadoes, while positive CG
flash rates decreased after the tornado and negative CG flash rates continued to increase.
However, MacGorman and Burgess (1994), relate irregularity in the tendencies of CG
flash rates associated with severe weather. For several supercell cases, they documented
minimal and slightly decreasing negative CG flash rates concurrent with increasing
positive CG flash rates prior to a tornado, and rapid increase of negative CG flash rates
and decrease of positive CG flash rates following dissipation. Often these trends were
associated with the change in supercell type from LP to CL or HP. However, in the case
of two other supercells, they noted increasing negative CG flash rates leading up to and
during a tornado. While hail reports were plotted in the CG time series when available,
no consistent trend between CG flash rates of either polarity and the time of hail reports
emerged. Bluestein and MacGorman (1998), in addition to the discrepancies discussed
above, also noted variation in flash rates between four storms observed in the same
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region, concluding that uncertainty remains in understanding environmental controls on
CG polarity and flash behavior. Carey et al. (2003a) further discussed the positive CG
behavior in supercells, adding results of a supercell in Spencer, South Dakota exhibiting
increasing positive CG tendency during the time of its most violent tornado, rated an F4,
conflicting with findings from other supercell studies that positive CG behavior peaks
prior to the onset of the most significant tornado in a supercell’s lifetime. Knupp et al.
(2003) continued this thread, noting other instances of supercells in which CG tendencies
were varied and departed from results of previous studies.

2.3.3.2 Total Lightning Trends
Disregarding polarity, other works such as that by Kane (1991) documented
trends in CG flash rates that peaked prior to the onset of severe weather; though these
results proved inconsistent as well when compared with studies showing relative peaks in
CG flash rates following severe events (e.g., MacGorman et al. 1989). Alongside the
numerous inconsistencies in examining CG trends exclusively and with increased
availability of data, several studies examining IC trends developed. Early results in this
regard from MacGorman et al. (1989) and Williams et al. (1989) are among the most
notable in displaying the differences. Using comparisons of data, both studies indicated
that IC trends were much more consistent than CG trends in showing relative maxima in
flash rates in advance of severe phenomena such as microbursts, tornadoes, and hail. It
was also observed that CG trends inconsistently mimic IC trends, suggesting that CG
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lightning is less descriptive of the dynamic structure of storms (MacGorman et al. 1989;
Williams et al. 1989). Further, Williams et al. (1989) state that IC lightning appears more
related to storm development in terms of upward growth and manufacture of ice particles.
An abundance of literature developed during and after this time documenting increases in
total flash rate preceding multiple types severe events documented at the surface on the
order of tens of minutes (Goodman et al. 1988; Carey and Rutledge 1998; Williams et al.
1999; Lang et al. 2000; Goodman et al. 2005; Wiens et al. 2005; Steiger et al. 2007;
Tessendorf et al. 2007; Schultz et al. 2009, 2011; Darden et al. 2010; Gatlin and
Goodman 2010; Rudlosky and Fuelberg 2013).
Beyond noting flash rate trends in advance of severe weather, various research
efforts have documented lightning trends that may mark the transition of ordinary
convection to supercell storms.

Examples of work suggesting this specific potential

relationship have been more frequent in the last decade. For instance, Weins et al. (2005)
documented a substantial increase in flash rates near the time of inferred development of
a strong mesocyclone in a Colorado supercell (Tessendorf et al. 2005), while Bruning
et al. (2010) also documented climbing flash rates during a 30-minute period of radarindicated supercell transition. Further, Bruning et al. (2010) noted diminished CG flashes
at that time, attributed to altered kinematics. Meanwhile, Gatlin and Goodman (2010)
also show an instance of similar behavior in a minisupercell where flash rates rapidly
increased during the period of a increase in mid-level radial shear, a vortex proxy similar
to azimuthal shear, followed by simultaneous decreases.

Later, Stano et al. (2014)

observed a lightning jump, described simply for the time being as a rapid increase in flash
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rate, prior to the development of a supercell mesocyclone and suggested that subsequent
jumps may have indicated further mesocyclone strengthening.

They based these

suppositions on the conceptual model of supercell development, linking lightning
processes and strengthening rotation to the updraft. The culmination of these individual
observations particularly warrants an investigation of these behaviors in a broader and
more regionally-diverse sample, motivating the dataset explored in this study.

2.4 Severe Weather Detection
Visual and measured observations of supercell structure in terms of wind fields,
precipitation regions, and electrification have led to the development of conceptual
models, methods, and new technologies meant to assist in detection of severe weather
produced by these storms. Doppler weather radar is one of the primary observational
platforms used for storm interrogation, and as a result, many advances in severe weather
detection have been made with radar as a focus. This section will include discussion of
various radar signatures employed both in operational monitoring as well as research
interpretation, operational algorithms developed to capitalize on these signatures, and
recent use of polarimetric radar technology to deduce low-level storm-relative rotation.
While several principal supercell and severe weather signatures in radar reflectivity are
well-documented, this discussion will focus exclusively upon rotation signatures
conveyed through radar as they are most pertinent to the rotation features of supercells
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selected for study here. Recent development of concepts and algorithmic tools utilizing
lightning data will be discussed as well.

2.4.1 Doppler Velocity Signatures
Lemon and Doswell (1979) reviewed the classic hook echo signature long
associated with tornadoes in incoherent radar imagery during their coverage of supercell
structure. However, a study by Forbes (1981) found that while this feature is reliably
associated with supercell storms, it does not develop early enough to provide productive
lead time. With the advent of the pulsed Doppler radar, many investigated the potential
for detection of rotational winds, particularly those of tornadoes, via radar. Brown et al.
(1978) give an overview of the observed and defined signature of tornadic winds on
pulsed Doppler radar, known as the tornado vortex signature (TVS), as well as provide a
thorough discussion of its new operational potential. Specifically, Brown et al. (1978)
define a TVS as a region of azimuthal shear of at least 20 ms-1 over one degree
beamwidth, or greater than 1x10-2 s-1, that is characterized by vertical extent of several
kilometers, horizontal extent of no more than a kilometer in range, and temporal
continuity of at least ten minutes. With the introduction of the Weather Surveillance
Radar – 1988 Doppler (WSR-88D) network, the potential for the use of built-in products
and algorithms was newly available to operational meteorologists, including automated
TVS and mesocyclone detection (Crum and Alberty 1993).

While the WSR-88D

included basic TVS and mesocyclone detection algorithms, teams at the National Severe
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Storms Laboratory (NSSL) unveiled newly-developed algorithms referred to as the
tornado detection algorithm (TDA) and the mesocyclone detection algorithm (MDA) in
1998 with improved detection and false alarm statistics (Mitchell et al. 1998; Stumpf
et al. 1998). While the full details of each algorithm may be found within the respective
references, a summary of the main components of each will be discussed here.
When evaluated, the existing WSR-88D TVS algorithm was associated with a
probability of detection (POD) of less than five percent, though it was also associated
with a false alarm rate (FAR) of less than five percent as well. The goal of the developers
of the new TDA was to boost the POD without overly increasing the FAR. According to
Mitchell et al. (1998), the TDA was designed to detect tornado vortices by identifying
differential velocity between adjacent gates within 150 km of the radar and below 10 km
above the radar level (ARL). When adjacent velocity measurements are detected above a
flexible threshold, the range, azimuth, velocity difference, shear, and height are saved.
These components describe what is referred to as a “shear segment,” exemplified in
Figure 2.7.

These shear segments are combined using a process involving multiple

velocity thresholds to build a two-dimensional (2D) feature that requires shear segments
be within 1º in azimuth and 500 m in radial distance of each other. Next, all 2D features
are identified and further checks are performed before vertical continuity is established to
generate a three-dimensional (3D) feature. These 3D features are then deemed either a
TVS or an elevated TVS (ETVS). An ETVS is determined when the TVS does not
extend to a specified base height, typically 600 m ARL, or the 0.5º elevation angle.
When compared with the WSR-88D algorithm and an optimized version of that
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Figure 2.7 Reproduction of Figure 1 from Mitchell et al.’s (1998) presentation of the
NSSL TVS algorithm. The example shown here provides representative gates, where a
gates are labeled either with Doppler velocity values (ms-1), 999 for missing data, or
“RF” to designate range-folding. In this example, gate-to-gate shear must be at least 11
ms-1, where the three qualifying pairs of gates are labeled as shear segments.
© Copyright 1998 AMS

algorithm, the TDA showed marked improvements in skill scores. One of the major new
accomplishments listed by the authors include that 3D detections are tracked and
compared with forecast tracks for the new position of the TVS with time, giving
advanced information to the forecaster. Additionally, a mesocyclone is not first required
for a TVS to be detected for use along squall lines.
Development of the MDA, described by Stumpf et al. (1998), was targeted to
lower the high FAR of the WSR-88D algorithm. To do so, new and improved spatial,
temporal, and strength thresholds were implemented so that a greater spectrum of stormscale vortices could be detected and then evaluated for significance. In the algorithm,
vortex identification is accomplished by first locating cyclonic azimuthal shear within
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Doppler velocity at constant range, referred to as an “open shear segment.” Once an open
shear segment is identified, the remaining radials at the specified range are checked until
cyclonic shear is no longer found, closing the shear segment. Shear segments are built
using flexible thresholds that are range-dependent, unlike the previous algorithm which
used range correction for detection that altered velocity values. Following computation
of shear segments, shear is computed based on the velocity difference divided by the
length of the segment as is the maximum gate-to-gate velocity difference (GTGVD).
Next, shear segments are thresholded using multiple values that are in part derived from
higher thresholds used previously and assigned a strength rank based on either the shear
value, the GTGVD, or the simple maximum velocity difference. Shear segments with
values below the minimum strength rank are removed, and using multiple thresholding
procedures, the remaining shear segments are combined to create 2D shear features.
Once this process is completed, those features characterized by too few comprising
segments, less than one kilometer radial extent, height above 12 km ARL, or aspect ratios
of greater than 2.0 are removed. Once remaining shear features are identified, a series of
properties is computed for each, including strength rank of the combined feature. Next,
two or more 2D features at adjacent elevation angles are combined into 3D features
through iterative association criteria.

Once again, properties of these features are

computed and they are next associated temporally across volume scans using forecasted
motion techniques, resulting in a mesocyclone detection. Following a set of rules, these
features are assigned a strength rank as well as a strength index. This index is computed
in a different fashion than the strength rank, though it is based partially upon it.
!38

Essentially, all of the strength ranks of the 2D features comprising the 3D feature are
multiplied by 1000, weighted such that lower altitude ranks are considered more, and
then integrated through the 3D feature. The returned value is normalized by dividing the
index by the depth of the feature such that MSI values do not reflect range effects on the
depth of the detections. When tested, the MDA showed much improved skill scores
against the pre-existing algorithm over a wider variety of vortex types.

2.4.2 Polarimetric Detection
Polarimetric radar allows for transmittance and reception of electromagnetic
waves in the horizontal and vertical orientations, providing more information concerning
the size, shape, concentration, orientation, thermodynamic phase, and density of
hydrometeor targets than is available using the conventional horizontal reflectivity factor
alone (Zrnić and Ryzhkov 1999; Doviak et al. 2000; Straka et al. 2000).

Numerous

studies have explored polarimetric data in the context of convective storms, documenting
trends and signatures seemingly unique to supercell thunderstorms due to their structure
(Kumjian and Ryzhkov 2008, 2009; Romine et al. 2008; Van den Broeke et al. 2008;
Crowe et al. 2010, 2012; Kumjian et al. 2010). Of the examined polarimetric signatures,
two may potentially be related to the low-level rotational properties of a storm; namely
the so-called ZDR arc and the low-level separation of ZDR and KDP.

Though the

implications of these features with regard to rotation are uncertain, they are nevertheless
documented as they appear for the purpose of this research.
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The two variables of ZDR and KDP can be beneficial to severe weather detection
because of the hydrometeor and drop size distribution properties and processes they
convey. Differential reflectivity, referred to as ZDR, provides the reflectivity-weighted
axis ratio of hydrometeor targets by taking a logarithmic ratio of horizontal reflectivity
factor (ZHH) to vertical reflectivity factor (ZVV). ZDR provides an indication of the shape
of targets, though not their concentration. Specific differential phase, KDP, represents the
differential phase shift between vertical and horizontal polarizations over a specific radar
range gate. In doing so, it provides the mass-weighted axis ratio and a measure of target
concentration. A more complete description of these and other polarimetric variables as
well as a discussion of their applications and limitations is available through the thorough
review presented by Straka et al. (2000).
Many have documented an arc-shaped area of enhanced ZDR along the southern
(northern) edge of the FFD of a right-moving (left-moving) supercell, shown in
Figure 2.8 (Kumjian and Ryzhkov 2008, 2009; Romine et al. 2008). This signature is
identified in the lowest kilometer ARL, juxtaposed with the maximum gradient in ZHH.
In their work, Kumjian and Ryzhkov (2009) discussed its presence as an indicator of the
advection of size-sorted hydrometeors due to vertical shear of the storm environment,
thought to be proportional to the magnitude of SRH. Size-sorting results in the earlier
fallout of larger drops and ice hydrometeors and later fallout of smaller drops as a result
of gravitational separation. By Kumjian and Ryzhkov (2009)’s findings, enhanced lowlevel wind shear is thought to cause smaller drops to be advected further into the FFD, at
the interface of environmental and supercell winds. At the location of the fallout of the
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Figure 2.8 Reproduction of Figure 5 from Kumjian and Ryzhkov (2008) illustrating the
polarimetric ZDR arc signature, where ZDR enhancements are located at the southern edge
of the FFD along the region of highest reflectivity gradient.
© Copyright 2008 AMS
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smaller concentration of larger drops, higher ZDR values would be seen, while smaller
drops exist where the magnitude of the arc decreases as a result of the low-level shear
interaction. Kumjian and Ryzhkov (2009) suggest that the evolution of this signature
may give in-situ indication of local storm modification of the environment undetectable
through coarser-resolution mesoanalysis. For instance, increased arc curvature coincident
with stretching of the feature toward the radar-inferred updraft location has been noted
prior to tornadogenesis when SRH may be at a maximum. Also, coincident disruption of
the feature or its recession into the FFD during mesocyclone occlusion, reduced SRH,
and stages of updraft weakening have also been observed (Van den Broeke et al. 2008;
Kumjian and Ryzhkov 2009; Kumjian et al. 2010). The maximum values associated with
the arc shape have been reported in the three to five decibel (dB) range, though it should
be cautioned that many measurements were made with C-band radars and maximum
values may be slightly lower at S-band (Crowe et al. 2012).
While work in the late 2000’s references SRH as the primary contributor to the
ZDR arc signature, Dawson et al. (2014, 2015) offer an alternative explanation, indicating
that the actual catalyst of this signature may instead be storm-relative mean wind.
Through simulations, they determined that ZDR arc shape is controlled by graupel/hail
microphysics and its preferential fallout.

They also express the former apparent

connection between SRH and the ZDR arc as an artifact of the relationship between SRH
and mean winds.
The second signature presented is the low-level separation of ZDR and KDP
maxima, noted within the lowest one to two kilometers of a supercell. These values of
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observed maxima are between 2.0 and 4.0 dB and between 1.0 and 2.0ºkm-1, respectively.
Work in this area was also conducted using C-band radars instead of S-band, resulting in
slightly lower applicable values of KDP and ZDR to S-band studies as discussed here. As
with the ZDR arc signature, Crowe et al. (2010, 2012) discussed that the overlap and
temporary separation of regions of ZDR and KDP maxima may pertain to local
enhancements of low-level rotation. Specifically, during periods of supposed enhanced
SRH and greater size sorting and greater advection of size-sorted hydrometeors, the local
ZDR maxima coincident with an area of low to moderate KDP (associated with a smaller
concentration of large drops) would be further displaced from the local KDP maxima
coincident with an area of low to moderate ZDR (indicative of a larger concentration of
the advected smaller drops). In a small sample of storms, Crowe et al. (2012) observed
that greater separation occurred during the onset of a tornado, while “failed”
tornadogenesis more often resulted in only a slight separation or continuous collocation
of these maxima, indicating that hydrometeors were falling nearly uniformly in the area
and the drop size distribution was not altered as considerably by presumed low-level
SRH enhancements. As discussed with reference to work by Dawson et al. (2014, 2015),
the exact nature of the role of SRH in this signature has yet to be fully resolved.

2.4.3 Lightning Jump
Given the consistent documentation of increases in lightning flash rate prior to the
occurrence of severe weather, the concept of a lightning “jump,” or marked rapid increase
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in total lightning, was developed (Williams et al. 1999; Goodman et al. 2005;
Steiger et al. 2007). Schultz et al. (2009) and Gatlin and Goodman (2010) were among
the first to objectively define a lightning jump in terms of a quantifiable increase in
lightning flash rate for the purpose of algorithmic development. Using any method, an
algorithmic jump is fundamentally meant to indicate some statistically-significant
increase in flash rate above the background level of lightning activity, suggesting
meaningful intensification.

Schultz et al. (2009) compared various methods used for

computing a lightning jump, concluding that in a large sample of multiple types of
convective storms, the method termed the “2σ” lightning jump resulted in the best skill
scores for severe weather forecasts based on jump detections alone. The Schultz et al.
(2009) 2σ lightning jump algorithm (LJA) requires that a flash rate threshold of ten
flashes per minute be met in a storm prior to algorithm activation so that the natural
lightning development in a convective storm from zero to some number of flashes does
not falsely indicate what is conceptualized as a lightning jump. Once the algorithm is
activated, a running record of the rate of change of the two-minute-averaged flash rate
with time (DFRDT) is kept along with a running record of the standard deviation of
DFRDT of the previous five time periods, or previous ten minutes of data. If at any point
the DFRDT value exceeds twice the standard deviation of the previous ten minutes of
data, signaling a statistical departure from recent behavior, a jump is triggered.
Successive triggers within a six minute period are counted as one jump detection. Using
this implementation of the jump alone as a forecast, Schultz et al. (2009) reported
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optimistic scores of a POD of 87%, FAR of 33%, critical success index (CSI) of 61%,
and Heidke Skill Score (HSS) of 0.75 based on their evaluation methods.
Since original development, the lightning jump algorithm and similar derivatives
based on the concept have been used in studies to determine other operational
applications. Though Schultz et al. (2009) indicated that a jump may not differentiate the
type of severe weather it precedes, Metzger and Nuss (2013) made an effort to
differentiate “wind-type,” “hail-type,” and “mixed-type” jumps using radar-based
indicators of severe weather.

They used a different construction to identify an

algorithmic jump than the 2σ and other methods described in Schultz et al. (2009), and
also examined strictly IC and CG jumps alongside total lightning jumps. Primarily, their
results support other findings that severe weather is often preceded by an objectivelydefined lightning jump. They also concluded that in concert with specific trends in two
of the following three radar parameters, vertically-integrated liquid (VIL), VIL density, or
55 dBZ heights, separate IC and CG behaviors could potentially be used to assign a
severe weather type to a jump for specific warning purposes.
Others have also recently employed the 2σ lightning jump, or other operational
adaptations, in applications studies. Rudlosky and Fuelberg (2013) paired the 2σ jump
with other radar-based metrics of storm intensity, finding that while a thresholded 2σ
jump can differentiate between severe and non-severe storms, adding a maximum
expected hail size (MESH) threshold improves the differentiation. Chronis et al. (2015)
further studied the jump with respect to its implications concerning convective intensity,
exclusively utilizing radar properties in lieu of traditional storm reports for analysis. In
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their comparison between storms that exhibited jumps against storms that did not, they
found that in addition to storm intensity and potential severity, the LJA could be used to
estimate the time of storm dissipation.
Recently, Schultz et al. (2015) novelly investigated storm mechanisms that
control the lightning jump to better understand its microphysical and kinematic
implications. They compared updraft speeds, graupel mass, flash rates, and flash area in
four thunderstorms displaying different convective modes, finding persistent temporal
relationships between these properties near the time of jumps and storm intensification.
Related to previously discussed work by Deierling and Petersen (2008) and Deierling
et al. (2008) and others, their key results included that lightning jumps coincide with
increases in 10 ms-1 updraft volume and graupel mass in the -10°C to -40°C region of a
storm. Also, similar to previously documented flash rate and updraft speed relationships,
they found that updraft speeds also do not correlate well with lightning jumps.
Considering trends during specific phases of storm life cycles in their analysis this also
observed that flash sizes tend to decrease with increasing flash rate during storm
development as well as that smallest flashes are collocated with strongest updrafts as
Bruning and MacGorman (2013) indicated.

Placing their results in the context of

operational applications, Schultz et al. (2015) also discussed that the jump should not be
used in isolation with respect to lightning data when assessing potential storm severity
but rather should be used in concert with flash rates. They elaborated that while the jump
marks the process of rapid storm intensification, flash rates and continuous increases
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thereof inform on relative intensity during a storm’s life cycle, providing important added
contextual information.
Other recent jump-related work has addressed operational implementation
through evaluation of proving ground activities and tests (Darden et al. 2010; Stano et al.
2014; Calhoun et al. 2014; Schultz et al. 2014). Darden et al. (2010) discussed real-time
use of lightning data and the jump concept in warning operations, while Stano et al.
(2014) provided a retrospective analysis of use and utility of an operational LJA with a
violent tornadic supercell case. Both operations-focused studies indicate the ability of the
jump to highlight important updraft-related kinematic and dynamic processes to aid in
more confident, rapid decision-making.
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CHAPTER THREE

DATA AND METHODS

The hypothesis addressed by this research is that lightning and mesocyclone
behavior are related by the updraft of a thunderstorm in such a way that lightning may
provide advanced information about mesocyclone behavior and related storm intensity.
Further, by this relationship, the transition from ordinary to supercell convection could be
addressed from the perspective of lightning. To examine this hypothesis, case studies of
supercell thunderstorms are primarily analyzed using total lightning and radar data.
Supplemental mesoscale environmental information and local storm reports are also
examined to further characterize each storm and provide detail about variations in the
lightning-mesocyclone relationship.

The following chapter will describe the datasets

central to this study, as well as detail the processing and analysis techniques used with
each.

3.1 Lightning Data
The primary lightning dataset used for this research provides total lightning
information. Total lightning flashes were obtained from three Lightning Mapping Arrays
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(LMAs) in North Alabama, Central Oklahoma, and Washington D.C. In instances where
LMA flash counts are questionably low despite adequate network performance, lightning
data was accrued from the U.S. National Lightning Detection Network (NLDN). While
the NLDN traditionally detects events or strokes that can be grouped into CG flashes, it
has recently been upgraded to provide information concerning IC processes as well and
can support LMA observations when needed.

3.1.1 Total Lightning Detection and Analysis
LMAs are local-scale instrumentation networks that detect very high frequency
(VHF) point radiation sources. The three aforementioned LMAs used for total lightning
data in the North Alabama, Central Oklahoma, and Washington D.C. areas are referred to
respectively as the NALMA, the OKLMA, and the DCLMA (Krehbiel et al. 2000;
Goodman et al. 2005; MacGorman et al. 2008). Each network operates in the range of a
locally-unused television channel to minimize noise, which is channel 5 in North
Alabama, channel 3 in Central Oklahoma, and channel 10 in the Washington D.C. area.
The magnitude and the time of the peak lightning emission in the specific range is
recorded at any number of stations at 80 µs intervals and located with time of arrival
(TOA) techniques (Rison et al. 1999; Thomas et al. 2004).

The network in North

Alabama was established in 2001 with 11 receivers (Figure 3.1a). By May 2009, two
additional receivers were added in Atlanta, Georgia for collaborative research purposes
but were not used in this study (Goodman et al. 2002; Goodman et al. 2005; SPORT
2014). The OKLMA has had 10-11 operational receivers in Central Oklahoma since
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2003 (Figure 3.1b), with an expansion in April 2012 to Southwest Oklahoma
(SW OKLMA) that added seven receivers. The DCLMA is similar in structure as the
others with 10 receivers distributed through areas of Maryland, Northeast Virginia, and
Washington D.C., but is newer, having become operational in 2007 with eight original
sensors (Figure 3.1c, Rudlosky and Fuelberg 2014). Two additional sensors were added
to the DCLMA in 2009. Typically, the OKLMA is found to be more sensitive than the
other two older networks as a combined result of differences in technology, area noise,
and the number of contributing stations in use (Fuchs 2014). In contrast, the DCLMA’s
relative performance has been negatively-impacted because of use of fewer sensors and
its requirement to operate in the less-ideal high VHF range (TV channels 7-13) as a result
of excessive noise in the lower VHF range in the urban area.

Figure 3.1 Schematics shown of the (a) North Alabama LMA, (b) Central Oklahoma
LMA, and (c) Washington D.C. LMA networks. Note that in (c), red dots symbolize the
original eight sensors belonging to the DCLMA in 2007 while the blue dots symbolize
the two sensors added in 2009 (NCAR 2014, SPORT 2014, Rudlosky and Fuelberg
2014). © Copyright 2008 AMS
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Several steps are required between detecting a source and three-dimensionally
mapping a flash using tens to hundreds of sources. First, the position of each source must
be spatially identified using the locations of the identifying receivers. Thomas et al.
(2004) provides Equation 3.1 as the equation used in the TOA technique.
c(t

ti ) =

p

(x

xi )2 + (y

yi )2 + (z

zi ) 2

(3.1)

Here, c is the speed of light, ti is the time the source was detected at station i and (xi, yi,
zi) is the position of station i. For this equation, at least four stations are required to
resolve the four unknown variables of (x, y, z, t) of the source origin, as depicted in
Figure 3.2. However, six or more stations are necessary in practice for source location to
identify more true sources versus noise. Six-station solutions are used with NALMA and
DCLMA data in this study, while seven-station solutions are required with OKLMA data
to offset detection of noise by the more sensitive network.

Figure 3.2 Illustrated representation of the points used in the TOA equation, Eq. 3.1,
provided as Thomas et al.’s (2004) Figure A1. © Copyright 2004 AMS

Koshak et al. (2004) provide an LMA location error analysis using the NALMA
under best-case scenarios with ten-receiver source identification and no noise.
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They

determined that horizontal source location errors are as minimal as 50 m in areas out to
approximately 150 km of the network center, and in general are less than 500 m within
100 km of the network center. Corresponding vertical errors are less than 1000 m within
100 km of the network.

Thomas et al. (2004) show that outside of the network of

sensors, range and altitude errors increase with the square of the range away from the
network. McCaul et al. (2005) also describe that outside of approximately 160 km of the
NALMA network center, source location errors conflict with convective size scales.
Further, source detection efficiency has been shown to decrease substantially with range
away from the sensors (e.g., Boccippio et al. 2001; Thomas et al. 2001; Carey et al.
2005).

While the source detection efficiency reduces drastically, flash detection

efficiency that results from the decrease in source detection efficiency is more gradual. A
reduction in flash detection efficiency, however, becomes noticeable outside of the 100km range of the network center, and even more so outside of the 150-km range. In light
of these analyses, use of LMA source data for this work is confined to 150 km of the
network centers, with preference given to data within 100 km. Storm activity periods
outside of 150 km of the network are not shown while specification is made of time
periods during which storms are between 100 and 150 km of the network.
Following source location identification, flash clustering is accomplished by
application of spatial and temporal thresholds using either the McCaul et al. (2005)
algorithm designed specifically for the NALMA or the XLMA algorithm developed by
Thomas et al. (2004) that applies to other LMAs. The two algorithms are similar in
design, establishing a 0.3 s temporal threshold by which to group sources followed by a
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distance threshold that varies with range. This distance threshold varies to allow for the
distance between sources in a flash and source position errors that increase away from the
network.

The main difference between the two algorithms is that the McCaul et al.

(2005) algorithm does not have an upper limit on the amount of time that a flash can last,
though Schultz et al. (2011) document that the two methods result in similar flash counts
despite this difference. The result of flash clustering with either technique is a set of
three-dimensionally mapped flashes characterized by varying source counts, an example
of which is shown in Figure 3.3.
Computing the number of lightning jumps that occur in a storm is the final step of
total lightning data processing. The algorithm used in this work is the Schultz et al.
(2009) 2σ jump algorithm discussed in the previous chapter. Binary jump information, a
“yes” when the current change in flash rate exceeds the recent average by at least two
standard deviations, is provided, as well as a sigma level at each two-minute analysis
period throughout the lifetime of the storm.

The sigma level gives the number of

standard deviations by which the current change in flash rate (DFRDT) exceeds the
recent running average, shown in an example with marked 2σ jumps in Figure 3.4
(Chronis et al. 2015; Schultz et al. 2015). For instance, a sigma level of four indicates
that the current change in flash rate exceeds the recent running average by four standard
deviations. This measure gives added information about the magnitude or significance of
a jump.
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Figure 3.3 Example of a three-dimensionally mapped flash is provided. Above, flashes
are mapped from point radiation sources, plotted chronologically so that older data have
cooler colors. The top plot shows the sources associated with the flash with altitude and
time; the middle left shows them with altitude and longitude space; the bottom shows
them in latitude and longitude space; the bottom left shows them in latitude and altitude
space; and the center right shows a histogram of the LMA source points with height.
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Figure 3.4 Flash rate, 2σ lightning jump indication, and sigma level associated with a
supercell storm. Flash rate is given in black, jumps are marked in red, and the sigma
level is plotted in orange.

3.1.2 CG Lightning Detection
The U.S. National Lightning Detection Network (NLDN) has traditionally been
used to resolve CG lightning flashes (Cummins et al. 2006; Murphy and Nag 2014). The
network has been operational since 1989, originally using magnetic direction finders
(MDFs). Shortly after its inception, it incorporated TOA sensors for lightning detection.
The NLDN dataset includes information about the number of strokes, the peak current,
and the polarity of a flash (Orville 1991; Orville et al. 2006). Since its implementation, it
has undergone a series of upgrades to improve detection and add IC detection
functionality as well so that datasets began to include an IC/CG discriminator flag as well
(Murphy and Nag 2014; Nag et al. 2014). While availability of CG flashes presents
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another avenue for further study, the primary focus of this work is on examining total
lightning trends, particularly as the results of past work assessing CG trends have been
widely varied. However, this work uses the updated NLDN to aid in ascertaining LMA
validity in low flash rate cases. Only case studies taking place in the period between July
2007 and April 2014 are included, making the latest few upgrades most relevant.
In the 2002-2004 upgrade, CG stroke detection improved by replacing all sensors,
including existing TOA-only sensors, with improved combination MDF:TOA “IMPACT”
sensors (Cummins et al. 2006; Orville et al. 2006; Cummins and Murphy 2009; Nag
et al. 2014). Additionally, Vaisala purchased the NLDN and made changes to allow
detection of large-amplitude cloud flashes. In a study following this enhancement, Biagi
et al. (2007) determined that approximately 90% of positive small events with peak
currents of less than 10 kA should be classified as cloud flashes while roughly 90% of
larger positive events with peak currents of greater than 20 kA should be classified as CG
flashes. The most uncertainty in classification was in the 10-20 kA range, but a ceiling
threshold of 15 kA was established to differentiate cloud flashes (Biagi et al. 2007).
Beginning in April 2006, the subset of IC flashes identified by the NLDN using this
threshold was added to the real-time and archived datasets (Cummins and Murphy 2009).
However, later work by Fleenor et al. (2009) found better results by eliminating events
with peak currents between -10 and -20 kA, noting removal of 71.0% of misclassified
flashes versus using the 15 kA threshold. Using the 15 kA threshold alone, they noted
that only 37.0% of misclassified flashes in their sample were eliminated. Rudlosky and
Fuelberg (2010) also discussed increased 15-20 kA positive CG reports that were
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considered ambiguous, noting regional biases, providing further argument in support of
reevaluating the method of data sorting.
After the 2006 modifications, the next major upgrade to the network took place
between 2010 and 2013. The first step of the upgrade was to add propagation correction
for analog IMPACT sensors. This correction adjusted for ground conductivity and effects
of electromagnetic wave propagation over topography. The next couple of adjustments to
the network included replacing older IMPACT sensors with digital Vaisala LS7001
sensors and adjusting the propagation correction for the new sensors in early 2012.
Finally, in the period between April and August 2013, all sensors were upgraded to
LS7002 sensors for better IC detection. Sensitivity studies during this time frame found
that CG flash detection efficiencies were roughly 94% with general yearly variation
between 94% and 100% from 2004 to 2013.

Location errors meanwhile showed a

decreasing trend with median values on the order of 300 m (Mallick et al. 2014)
Nag et al. (2014) discuss the most recent upgrades to the network, including
development and projected implementation of a new geolocation algorithm.

They

describe that given the new digital sensors, which still use MDF and TOA techniques to
identify flashes, sensitivity to low-amplitude flashes increased by a factor of three. They
also discuss a new classification algorithm for March-April 2014 deployment that
differentiated flashes based on several waveform parameters versus the combination
waveform and strict 15 kA amplitude threshold scheme previously used. The projected
accuracy for the new classification algorithm was given as 80-90% (Nag et al. 2014).
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3.2 Radar Data
Radar data from several installations in the WSR-88D network in each of the
LMA regions were ordered from the National Oceanic and Atmospheric Administration
(NOAA) National Climatic Data Center (NCDC) for use in this study (Crum and Alberty
1993). Radar data is comprised of Level-II and Level-III information, where Level-II
data contains the base products of radar reflectivity factor, mean radial Doppler velocity,
spectrum width, and dual-polarization base products of differential reflectivity,
correlation coefficient, and differential phase when available. Level-III data consist of
numerous derived products and algorithms, including the NSSL MDA and TVS
algorithmic output used in this work (Mitchell et al. 1998; Stumpf et al. 1998).
In each region, one to three primary radars were used for Doppler velocity
information while a larger subset was utilized to merge reflectivity values for gridded
data at specific levels.

The NSSL Warning Decision Support System – Integrated

Information (WDSS-II) system was used in this process, discussed in a future section in
more detail (Lakshmanan et al. 2007). The radars used and their roles and locations are
documented in Table 3.1. These are visually identified as part of the WSR-88D network
in Figure 3.5 (NOAA 2015a,b).
While the variables of radar reflectivity factor and Doppler velocity are used
qualitatively and/or quantitatively in all cases, polarimetric data is also applied when
available.

Polarimetric upgrades to the network were completed in 2013.

occurring during and after 2012 include attention to polarimetric data.
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Cases

Table 3.1 List of radars and locations used with each LMA. The primary radar(s) for
interrogation are bolded while supporting radars used for gridded data are also listed.
DCLMA

Main
Sites

Sites
Used for
Gridded
Radar

NALMA

OKLMA

Radar
Abbrev.

Radar Site
Location

Radar
Abbrev.

Radar Site
Location

Radar
Abbrev.

Radar Site
Location

KLWX

Sterling, VA

KHTX

Huntsville/
Hytop, AL

KTLX

Oklahoma City,
OK

-

-

KGWX

Columbus, MS

KVNX

Vance AFB in
Enid, OK

-

-

-

-

KFDR

Altus AFB in
Frederick, OK

KAKQ

Wakefield, VA

KBMX

Birmingham, AL

KINX

Tulsa, OK

KCCX

State College, PA

KFFC

Atlanta, GA

KAMA

Amarillo, TX

KDIX

Philadelphia, PA

KBNA

Nashville, TN

KDYX

Dyess AFB in
Abilene, TX

KDOX

Dover AFB in
Dover, DE

-

-

KFWS

Fort Worth, TX

KFCX

Blacksburg, VA

-

-

KICT

Wichita, KS

KPBZ

Pittsburg, PA

-

-

KSRX

Fort Smith, AR

KRLX

Charleston, WV

-

-

-

-

Figure 3.5 All WSR-88D radars in the NEXRAD network are plotted as circles. Adapted from
NCDC (2014), the red points indicate that a particular radar was used in this study
(NOAA 2015a).
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3.2.1 Doppler Velocity Data Usage and Algorithms
Analysis of mesocyclonic rotation was accomplished with various processed
Doppler radial velocity data. The two primary mesocyclone measures utilized in this
study are the MSI output from the Level-III MDA product and maximum azimuthal shear
values within defined layers, computed using WDSS-II. TVS detections from the LevelIII TDA product are also noted as an indicator of the presence of objectively-defined
rotation.
Mesocyclone detection by the MDA was discussed in the previous chapter.
Detections viewed in the Level-III data were manually associated with the storm of
interest in each case study and detection properties, including MSI values, were noted at
the time of detection. TVS detections were similarly treated.
Maximum azimuthal shear values through specified layers, zero through three
(0-3) kilometers, three through six (3-6) kilometers, and six through nine (6-9)
kilometers, serve as a second measure of the strength of storm rotation.

Warning

Decision Training Division (WDTD) guidance provides that the 0-2 km AGL layer
should be considered as “low-level” azimuthal shear and that the 3-6 km AGL layer
should be considered as “mid-level” azimuthal shear, as shown in Figure 3.6.

The

separation ignoring the 2-3 km ABL layer is meant to firmly differentiate between
presence of a low-level mesocyclone and/or tornado and a deep mesocyclone consistent
with supercell development (WDTD 2014). These layers are adjusted and expanded in
this study as described above to give indication of low- and mid-level rotation, as well as
to provide a means of ascertaining the extent of deep, mid-level rotation in minisupercells
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Figure 3.6 WDTD (2014) Figure 5 schematic of the spatial arrangement of values
considered from WSR-88D data when computing the maximum azimuthal shear found in
predefined layers.

(where the mid-level mesocyclone is thought to be maximized in the 3-6 km layer) versus
robust supercells (where the mid-level mesocyclone may be considerably deeper, in the
6-9 km layer). Azimuthal shear is computed from WSR-88D dealiased radial velocity
using the “w2circ” tool as part of the NSSL Warning Decision Support System Integrated Information (WDSS-II) algorithm and display suite (Lakshmanan et al. 2007).
The WDSS-II “dealias” tool is first used on the radial data according to the NEXRAD
Build10 dealiasing algorithm (NSSL 2014). The “w2circ” tool employs the Linear Least
Squares Derivative (LLSD) method with the dealiased radial velocity to compute
azimuthal shear, or the azimuthal derivative of radial velocity (Elmore et al. 1994; Miller
et al. 2013).

The LLSD method was introduced by Elmore et al. (1994) and is

documented with respect to mesocyclone path depiction by Miller et al. (2013). In this
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work, there is no depth or area requirement of azimuthal shear to be considered a
mesocyclone as with the MDA but values exceeding 0.01 s-1 can be thought of as a
discriminating threshold for a mesocyclone proxy (Smith and Elmore 2004).

3.2.2 Role of Polarimetric Data
Where applicable, polarimetric data were utilized to identify the presence of
signatures perhaps related to low-level enhancements of rotation. This was done namely
to address any persistent relationship beween their development and noteworthy lightning
evolution.

Specifically, ZDR arcs were analyzed qualitatively using the WDSS-II

graphical user interface for visualization (Lakshmanan et al. 2007). The degree of lowlevel ZDR and KDP separation was considered in a manner similar to those discussed in the
literature. In this study, “low-level” polarimetric properties are ascertained from the 0.5º
elevation angle, near the one-kilometer level used in Crowe et al. (2012). Here, only
relative separation is observed versus computing distance measurements as in previous
work.

3.2.3 Role of Radar Reflectivity in Storm Tracking
While some analyzed properties were subjectively associated by visual proximity
and manually tracked for the storm of interest, others were tied to the storm by a tracking
footprint based on radar reflectivity data. These footprints provide a center point and a
latitude and longitude radius associated with the storm of interest.
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Gridded data is

necessary to generate tracking footprints from the WDSS-II “w2segmotionll” tool
(Lakshmanan et al. 2003; Lakshmanan and Smith 2009; Lakshmanan et al. 2009;
Lakshmanan and Smith 2010). For this study, gridded reflectivity data was utilized at a
height of -10ºC, thought to be related to the charging reversal height and predominant
charge region separation under typical conditions (Takahashi 1978; Rakov and Uman
2003, chapter 3). Determination of the corresponding altitude for each case location and
date was accomplished by retrieving hourly model analysis grids to compute near storm
environment (NSE) data using WDSS-II.
Rapid Update Cycle (RUC) and Rapid Refresh (RAP) model analysis data is
provided by the NOAA National Centers for Environmental Prediction (NCEP) and is
available online from the NOAA National Operational Model Archive and Distribution
System (NOMADS) website (NOAA 2014).

RUC analysis is available prior to

May 1, 2012, when the RAP replaced the RUC. The 13-km gridded domain was selected
for output of both models.

This data was processed using WDSS-II tools, first

“gribToNetcdf” to regrid the data to one-kilometer grids corresponding to desired gridded
radar resolution, and then “nse” to extract NSE fields from the gridded analysis data.
Numerous parameters were generated, including a variety discussed later in section 3.3,
which details environmental analysis.
To grid reflectivity data for use with the tracking tool, radial reflectivity fields
were first ingested into WDSS-II using the tool “ldm2netcdf” that essentially reformats
the radar files into netcdf files accessible to WDSS-II for use with other tools. Following
this step, “w2simulator” was employed using the reference indices of the ingested radar
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data for each desired radar, listed in Table 3.1 per LMA region, as well as the index
referencing the processed NSE grids. These files were passed as though in real time by
“w2simulator” to the “w2merger” tool, which combined and gridded the reflectivity data
while considering environmental data for computation of reflectivity-based algorithm and
isotherm fields.

Using multiple radars along with the NSE fields, slightly different

arguments are required for “w2merger” than when single-radar data is gridded.
Specifically, a 1.00-kilometer horizontal and 0.25-kilometer vertical resolution were
chosen as would be used with single-radar data, but the method selected for combining
and gridding data is such that coincident data are weighted by time and distance instead
of “beamspread” as used with single-radar data. The time-and-distance weighting option
allows later, or more recent, data to be given precedence while data is spatially blended
by inverse-square distance from respective radars. An option is also set in “w2merger” to
run the algorithms to compute isothermal and other products using the NSE data input.
Output is scheduled at two-minute intervals to match the approximate temporal resolution
of flash rate information as returned from the 2σ lightning jump algorithm for
comparison purposes. Although single-radar data temporal resolution is on the order of
five minutes, blended data temporal resolution approaches two minutes as fields are able
to update based on most recent data available from multiple radars. This output interval
allows for features to be tracked at two-minute intervals as well.
Once 1.00 km x 1.00 km grids of reflectivity at the height of -10ºC are computed
for an LMA region, the “w2segmotionll” tool is run.

This tool uses the watershed

approach to build features of interest which are then associated in space and time
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(Lakshmanan and Smith 2009). The user is able to specify what range of values to use
for tracking as well as the proximity at which features should be spatially grouped,
resulting in size scales. For this work, a variety of reflectivity thresholds were selected
depending on the specific case, with minima of 20 to 30 dBZ. These are provided along
with individual case discussion in chapter 4. Various object minimum size scales and
spatial association thresholds were selected for each case depending on what bestcaptured the storm of interest at each time step. For cases in which storms were not wellisolated, the minimum tracking reflectivity threshold was set higher to separate tracking
footprints. Forcing footprints to ignore lower reflectivity also implied that a portion of
the supercell plan area was neglected, possibility eliminating a substantial portion of flash
initiation locations based on perceived lightning locations within the conceptual model of
supercell reflectivity structure found in the literature.

To remedy this, storm object

latitude and longitude radii were subjectively expanded over the entire analysis period to
include the total lightning spatially associated with each storm when visually inspected.
These expansion radii enlarging the tracked footprint were typically 10 to 15 km, and are
also shown in chapter 4 with individual case discussion. Once all radii were obtained,
they were used to establish a tracking box to encompass and isolate lightning data
associated with each storm. An example tracking footprint is shown in Figure 3.7.
The overall goal of employment of the tracking tool for this work is not to
generate an automated, completely objective process.

Rather, it is meant to increase

efficiency in subjectively defining a supercell storm area based on its reflectivity
structure defined in the literature for the purpose of associating lightning flashes. While
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Figure 3.7 Example of a tracking footprint. Radial reflectivity is shown on the left and
reflectivity gridded at a height of -10ºC is shown on the right, overlaid with a KMeans
tracking footprint. The latitude and longitude radii from this shape are extracted from the
footprint and used spatially to isolate lightning associated with the supercell on the left.

there may be some error resulting with this method in represented flash counts, the
impact is thought to be minimal due to the single-cell nature of these storms that would
minimize such association errors.

3.3 Environmental Analysis
Environmental analysis is accomplished using the NSE grids obtained from the
methods described above. For this portion of analysis, several instability- and shearrelated parameters were investigated to characterize the local environment and better
understand the nature of the evolution and structure of each storm. Instability-related
parameters of CAPE, such as MLCAPE, MUCAPE, SBCAPE, and downdraft CAPE, or
the energy available to accelerate a descending parcel, and their normalized counterparts
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(MLNCAPE, MUNCAPE, and SBNCAPE) are considered.

Included shear or shear-

related parameters are 0-1, 0-3, and 0-6 km shear as well as 0-1 and 0-3 km SRH.
After all environmental parameters are gridded to one-kilometer horizontal
resolution to match other product grids, they are compared with the location of each
tracked storm in time. First, the center point of the first storm object is compared with
the environment data grid at the nearest hour, referred to as the initial time, to find the
closest environment pixel. The storm environment points within a 60 km x 60 km box
centered on that pixel are quality-controlled for reasonable values and averaged to
generate one near-storm value for the initial time and each of the two hours prior to the
initial time.

The result is two stationary pre-storm environment values and a third

stationary value of the environmental parameter near the time of storm initiation or
arrival into the analysis domain, depicted as the blue box in Figures 3.8a-c.
Environmental parameter values through the remaining lifetime of the storm are
computed somewhat differently. For each time step of the tracked object between the
initial time and the subsequent hour, the nearest gridded pixel to the object center is
spatially identified and values within a 60 km x 60 km box centered on that pixel are
stored. The result is a swept out near-storm area, seen as the light red box in Figure 3.8b.
The parameter values at the locations of these pixels are averaged and saved as the local
storm environment at the next environmental analysis time. The process starts over with
a new set of grid points swept out over the next hour whose values are averaged at the
following analysis time, shown in progressively darker shades of red in Figures 3.8c-d.
In this manner, the evolving local or near-storm environment is determined through the
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Figure 3.8 Images depict an example environmental analysis in the OKLMA domain
where a storm was first tracked at 2003 UTC, setting the initial time of analysis as 20Z.
The LMA 100 km and 150 km range rings are shown in teal, with the KTLX radar site
plotted as a green diamond. The static pre-storm environment areas at 18Z and 19Z
along with the storm initiation environment area at 20Z are first determined (a). Next,
the first swept-out area over the progression of the storm object track for the subsequent
hour of analysis, 21Z, is shown alone in light red (b). Continuing swept-out areas for
hours 22Z and 23Z of analysis are given in progressively darker shades of red (c, d).
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lifetime of the storm for each specified parameter. Because each averaged area at a given
time is affected by the presence of the storm, some sense of storm modification of the
environment may also be assessed.

3.4 Storm Reports
Awareness of local storm reports maintained in the NOAA NCDC Storm Events
Database is kept for each case, with particular attention to convective events.
Specifically, the timing and size or strength of hail, severe wind speeds or damage, and
tornadoes are noted to provide context for the severe potential of each storm. Timing or
cataloging errors in official storm report information have been documented in the
literature (e.g., Williams et al. 1999, Trapp et al. 2005; Schultz et al. 2009). However
since reports are used here for contextual awareness and not verification purposes, there
is no major impact to the results of this work from erroneous reporting. Rather, most
detriment is a result of sparse reporting which has no practical remedy.

!69

CHAPTER FOUR

CASE OVERVIEW AND ANALYSIS

A collection of 19 supercell storms from 13 days was amassed to form the case
study list for this research. Each storm, referred to as a case, was analyzed using the
documented methods to ascertain lightning and mesocyclone behavior as well as to
observe severe weather production and radar reflectivity characteristics associated with
supercell structure. Aspects of determining whether a storm would be used in analysis
included its display of supercell structure (i.e., features consistent with supercell
classification of LP, CL, or HP storms), availability of quality radar and lightning data,
and proximity to the center of the utilized LMAs. Supercells prior to the year 2007 were
not included as the NSSL MDA had not yet been implemented. In case selection, care
was taken to represent a variety of climatic regions, mesoscale environments, and
documented severe events. All cases are chronologically listed in Table 4.1 with date,
LMA region, and severe reports, while Table 4.2 provides how different characteristics
are represented by the body of cases. A sample representative of a variety of storm types
in the supercell spectrum was desired to determine the limitations and applicability of
results.
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Table 4.1 Basic storm case information. The date, pertinent LMA domain, and
severe reports are provided.

Severe Reports
Date

LMA Region

7/4/2007

Tornado

Hail

Straight-line
Wind

DCLMA

-

Yes

Yes

7/16/2007

DCLMA

Yes*

Yes

Yes

4/11/2008

NALMA

Yes*

Yes

Yes

2/10/2009

OKLMA

Yes*

Yes

-

2/10/2009

OKLMA

-

Yes

-

4/10/2009

NALMA

-

Yes

-

4/25/2010

NALMA

Yes

-

-

5/10/2010

OKLMA

Yes

-

-

5/10/2010

OKLMA

Yes*

-

-

5/16/2010

OKLMA

-

Yes

Yes

10/26/2010

NALMA

Yes

-

Yes

10/26/2010

NALMA

-

-

Yes

5/24/2011

OKLMA

Yes

-

-

5/24/2011

OKLMA

-

-

-

3/2/2012

NALMA

Yes

Yes

-

3/2/2012

NALMA

-

-

-

5/19/2013

OKLMA

Yes

Yes

Yes

5/20/2013

OKLMA

Yes

Yes

Yes

4/28/2014

NALMA

Yes

-

-

*Ratings of reported tornadoes do not exceed EF0-2.
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Table 4.2 Summarization of how the body of cases represents various storm
qualities, including region, season, spatial characteristics, and severe phenomena.

Characteristic

Number of Cases

DCLMA

2

NALMA

8

OKLMA

9

Cool-Season

6

Warm-Season

13

Tornadic

12

Tornado Max Rank EF0-EF2

4

Non-Tornadic

7

Severe Wind

8

Severe Hail

10

No Severe Reports

2

The collection of cases can be divided into categories based on environmental
instability and mesocyclone depth to better understand the circumstances behind storm
development and resultant characteristics.

The combination of moderate to high

instability and shear controls the supercell storm mode, though supercells that develop in
environments with lower instability are more likely to have smaller parcel accelerations
due to more precipitation loading and drag effects at the periphery of the updraft. Given
the appropriate amount of vertical wind shear, isolated storms with weaker updrafts may
form smaller supercell structures with low 18.5 dBZ echo top (ET) heights, termed
minisupercells.

Though their dynamics and the processes that form them are not
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dissimilar from ordinary supercells and they may still produce extreme weather, their
signatures and characteristics are typically weaker. Storms that form in moderate-to-high
shear environments with weaker instability can become minisupercells, though in some
instances, supercells in environments ordinarily supportive of the typical supercell
structure may be low-topped as well. This unexpected morphology may be the result of
local-area differences in stability or of later-developing supercells that track through
environments depleted by storms. The reverse of this scenario is also true that storms in
low-instability environments may develop into ordinary supercells given local
environmental enhancements.
Minisupercells are defined using many combinations of parameters as
discriminatory characteristics, including environmental instability, maximum rotational
velocity, the height of the maximum velocity, mesocyclone diameter, mesocyclone depth,
ET, and horizontal size (Burgess et al. 1995; Wicker and Cantrell 1996). To adequately
represent and address the spectrum of supercell development, the body of cases is split
into subsets based on instability and mesocyclone depth as the primary discriminatory
factors. First, storms from environments characterized by MLCAPE less than 900 Jkg-1
(low), between 900 and 2000 Jkg-1 (moderate), and greater than 2000 Jkg-1 (high), are
divided into subsets including three, ten, and six storms, respectively.

Environments

characterized by moderate CAPE support storms that are low-topped as well as regularlysized supercells, validating another division of this subset to better represent differences
in storm formation. Wicker and Cantrell (1996) showed that minisupercells have peak
updrafts at a height of 5-6 km, with regular supercells possessing maximum updraft
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strength near 10 km. Translating this to expected mesocyclone depth, a depth of 6 km
was chosen as the threshold below which storms could be considered minisupercells.
This second division resulted in two categories of storms that formed in environments
characterized by moderate CAPE, each comprised of five storms.
The body of cases is divided based on the storm characterizations of low
instability, moderate instability/shallow mesocyclone, moderate instability/deep
mesocyclone, and high instability, as discussed.

Table 4.3 provides this information,

including case reference numbers pertaining to the order of the following discussion,
near-storm environmental information, and mesocyclone depth.

For each of the four

categories, an exemplary case will be fully documented in terms of radar reflectivity
characteristics and lightning and mesocyclone trends. Additional cases in each category
will also be discussed with a focus on unique lightning and mesocyclone trends and
pertinent radar features.

The first mention of noteworthy radar features will be

accompanied by a figure, after which that figure will be considered exemplary of
subsequent instances.

Further discussion concerning analysis results, comparisons

between cases, and emerging trends among cases follows in the next chapter.

4.1 Low Instability Environment: Cases 1-3
The first subset of cases to be discussed is comprised of storms characterized by
low-instability environments with MLCAPE of less than 900 Jkg-1. These environments
are typical of low-topped or minisupercells, which have dynamics similar to their
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Table 4.3 Storm case information is given, including the case reference number, date, local LMA domain, and near-storm mesoscale
environment characteristics derived from the analysis described in Chapter 3. Environmental parameters represented are averaged
over the period from two hours prior to the storm to the hour nearest the time the storm is last tracked with WDSS-II. The parameters
included are mean-layer, surface-based, and normalized CAPE, 0-6 km bulk shear, and 0-3 and 0-1 km SRH.
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Table 4.3 (continued)

regular–sized counterparts though they occur on smaller spatial scales.

Three cases

meeting this description are included in the study, with a storm occurring on July 4, 2007
in the DCLMA domain serving as the fully-documented example case. Other cases that
include truncated radar descriptions accompanying lightning and rotation analysis
occurred on July 16, 2007 in Maryland and April 11, 2008 in Alabama.

4.1.1 Case 1: July 4, 2007; Maryland
The ordinary thunderstorm that would become the minisupercell studied on this
date developed in the counties connecting West Virginia, Virginia, and Maryland at
approximately 1839 UTC. The details of storm tracking for this and the remaining cases
are provided in Table 4.4 for consolidated viewing, including the minimum reflectivity
threshold used with gridded reflectivity data at -10ºC, the radii by which tracking
footprints were expanded, the approximate altitude corresponding to -10ºC for the case,
and the period over which each storm was tracked. The cell for Case 1 was first detected
by the WDSS-II tracking algorithm at 1846 UTC, approximately seven minutes after it
was first evident in radar reflectivity. This storm exhibited several lightning jumps and
was responsible for multiple severe thunderstorm wind and hail reports. At 2145 UTC,
the storm had weakened such that the tracking algorithm could no longer detect it.
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Table 4.4 Summary of main tracking parameters used for each case, including case
identification, the minimum reflectivity threshold used for tracking on reflectivity
gridded at -10ºC, the latitude and longitude expansion of tracking footprint radii, the
approximate altitude of the -10ºC isotherm, and the beginning and ending times of the
tracking period.
Expansion
Approx.
of
Begin
Altitude
Latitude,
Time
of -10ᴼC
Longitude
[UTC]
[km]
Radii [km]

No.

Date

LMA
Domain

Minimum
Reflectivity
Threshold
[dBZ]

1

7/4/2007

DCLMA

20

10, 10

5.5

1846

2145

2

7/16/2007

DCLMA

20

10, 10

6

2105

2252

3

4/11/2008

NALMA

30

10, 10

5.6-5.8

1715

2040

4

10/26/2010

NALMA

25

10, 20

6.3-6.4

1704

2047

5

10/26/2010

NALMA

25

10, 10

6.2-6.4

1906

2105

6

3/2/2012

NALMA

30

10, 15

5

1342

1645

7

3/2/2012

NALMA

30

10, 15

5.1-5.2

1452

1621

8

4/28/2014

NALMA

30

10, 10

5.2-5.4

2240

0149 (4/29)

9

4/10/2009

NALMA

30

5, 10

4.1-4.2

1703

1846

10

2/10/2009

OKLMA

30

10, 10

4.3-4.4

1913

2200

11

2/10/2009

OKLMA

30

0, 10

4.3-4.4

1915

2200

12

4/25/2010

NALMA

30

10, 10

5.2-5.4

0112

0400

13

5/16/2010

OKLMA

30

10, 10

4.8

1718

2130

14

5/20/2013

OKLMA

30

10, 20

5.3-5.5

1859

2014

15

5/10/2010

OKLMA

20

10, 20

5.8-5.9

2154

2324

16

5/10/2010

OKLMA

20

10, 20

5.9

2233

0013 (5/11)

17

5/24/2011

OKLMA

30

10, 20

5.9-6.0

2055

2319

18

5/24/2011

OKLMA

30

10, 20

5.8-5.9

2130

2330

19

5/19/2013

OKLMA

30

10, 20

5.5-5.7

1947

2135
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End Time
[UTC]

4.1.1.1 Radar Reflectivity Analysis
Viewed from the KLWX radar in Sterling, Virginia beginning at 1839 UTC, the
cell of interest developed horizontally as it propagated to the east. The most noticeable
increase in size occurred in the 20 to 35 dBZ precipitation region, shown in Figure 4.1.
By 1924 UTC, a reflectivity core with values in the mid- to upper-50 dBZ range
developed aloft, evident at the 8.0º tilt, corresponding to approximately 4.8 km. A threebody scatter spike (TBSS) was noted at the 8.0º tilt at 1928 UTC in Figure 4.2, indicating
the presence of hail at approximately 5.1 km with maximum reflectivity of 68 dBZ.
Another three-body scatter spike occurred at a tilt of 6.4º at 1932 UTC, corresponding to
a height of 3.8 km with maximum reflectivity of 68 dBZ. Continued development of
regions of high reflectivity are noted at 1937 UTC with a 70 dBZ reflectivity maxima and
TBSSs at 8.0º to 10.0º, or 5.0 to 6.0 km; 1941 UTC with 70 dBZ reflectivity maxima and
TBSSs at 5.1º to 10º, or 3.3 to 6.0 km; and 1945 UTC with a 70 dBZ reflectivity maxima
and TBSSs at 4.0º to 10.0º, or 2.6 to 5.8 km.

Figure 4.1 Radar imagery from KLWX depicting the cell of interest at 0.5º elevation at
1847 UTC, just after it was first tracked, and at 1856 UTC, depicting its vertical growth
through a reconstructed RHI. From the perspective of the RHI, the radar is to the right.
Images are shaded according to the key at the top of the figure.
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Figure 4.2 Radar imagery from KLWX depicting the reflectivity core and TBSS
associated with the cell of interest at 8.0º elevation at 1924 and 1928 UTC, respectively.
Images are shaded according to the key at the top of the figure.

At 1942 UTC, a reconstructed range-height indicator (RHI) in Figure 4.3 shows
vertical structure of a developing overhang. At 1946 UTC, a shallow bounded weak echo
region (BWER) appeared, but dissipated by the following radar update. At 2002 UTC,
the BWER is better-defined within the reconstructed RHI and in the 8.0º plan-position
indicator (PPI) in Figure 4.4. The BWER remained visible through 2038 UTC when the
storm began to weaken.
Strong reflectivity cores continue to be evident during the period between 1950
and 2000 UTC, with defined TBSSs returning at 1958 UTC between the 5.1º and 10.0º
elevations, or 3.4 to 6.4 km. At the lowest tilt of 0.4º, consistent reflectivity values of
over 60 dBZ were apparent beginning at 2003 UTC, escalating to over 65 dBZ at
2016 UTC. At 2025 UTC, 2.00-in. hail was reported.
As mentioned, the BWER erosion was apparent at 2038 UTC, shown in
Figure 4.5.

During the next several volume scans, the reflectivity core with values

exceeding 65 dBZ began to descend and diminish, disappearing by the 2054 UTC radar
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Figure 4.3 Reconstructed RHI coupled with the 0.5º PPI at 1942 UTC showing the
formation of an overhang feature at upper levels of the developing supercell. Note that
the radar is to the left when viewing the RHI. Images are shaded according to the key at
the top of the figure.

Figure 4.4 Reconstructed RHI coupled with the 8.0º PPI at 2002 UTC showing the
characteristic ring in plan position reflectivity and the vertical overhang of a shallow
BWER. Note that the radar is to the left when viewing the RHI. Images are shaded
according to the key at the top of the figure.

update.

This descent was coincident with a severe wind report at 2050 UTC.

By

2132 UTC, maximum reflectivity values throughout the storm were in the 50 to 55 dBZ
range while the maximum 18.5 dBZ ET heights had fallen from 13.6 km at 2124 UTC to
11.8 km. With the descent of the storm, 1.00-in. hail and severe winds were reported at
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Figure 4.5 Reconstructed RHI and PPI at 1.3º showing at 2038 UTC showing the
collapse of the BWER noted at 2037 UTC. Note that the radar is to the left when
viewing the RHI. Images are shaded according to the key at the top of the figure.

2130 UTC and 2132 UTC, respectively. ET heights continued to fall to 6.8 km through
2145 UTC, when the storm was no longer detected or tracked due to its diminished size.
Figure 4.6 depicts the final base elevation scan of the storm before analysis ended.

Figure 4.6 The KLWX 0.5º PPI shows the diminishing storm at 2141 UTC before
tracking ended at 2145 UTC. Images are shaded according to the key at the top of the
figure.
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4.1.1.2 Lightning and Mesocyclone Analysis
The following discussion corresponds to Figure 4.7, which documents trends in
lightning and measures of storm rotation over the time the supercell was tracked. For the
first 16 minutes of tracking, there was no lightning associated with the storm, though the
three layers of computed maximum azimuthal shear (MAS) were near to or exceeded the
1.00e-2 s-1 value thought to represent mesocyclonic rotation (Smith and Elmore 2004).
This value will be used for the remainder of the study as the accepted “mesocyclone
threshold.” From the perspective of radar reflectivity during the period between 1846 and
1902 UTC, the isolated storm was not well-organized, indicating that the azimuthal shear
in this instance was not necessarily related to a vertically-aligned column of rotation.
Also during this period, 18.5 dBZ ET heights reached a maximum of 8.6 km,
indicating presence of a shallow updraft likely incapable of lofting copious amounts of
hydrometeors, limiting charging and lightning production. Further, spatial discontinuity
of the MAS between the three layers is evident, confirming weak vertical organization
(Figure 4.8).
At 1928 UTC, TBSSs began to be noted at mid-levels of the thunderstorm as
discussed, further signaling storm strengthening and organization supportive of graupel
and hail production.

Minutes later at 1932 UTC, flash rates began to increase from

≤2.5 to 8.0 fpm, suggesting better vertical development and organization. Despite the
visible increase in flash rate at this time, no jump was triggered because the local
maximum in flash rate remained below the 10.0 fpm threshold designated in the jump
algorithm. As flash rates began to rise, MAS values began to decrease through the three
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Figure 4.7 Lightning and mesocyclone analysis is provided for Case 1, supplemented
with severe reports for further observational context afforded to the plotted trends.
Lightning analysis is shown in the top box, with total lightning flash rate given in black,
sigma level provided in orange along with the horizontal dashed 2σ jump threshold, and
lightning jumps marked as red vertical lines along with the time they occurred. The
middle plot depicts the three layers of MAS in purple; solid representing the 6-9 km
layer, dashed representing the 3-6 km layer, and dash-dotted representing the 0-3 km
layer. The dotted purple line indicates the accepted mesocyclone strength threshold of
1.00e-2 s-1. Detections from the MDA would be plotted in teal according to the strength
index (MSI) computed in the algorithm. In the bottom panel, severe storm reports are
given, with hail represented as triangles scaled by report size and straight-line winds
plotted as squares. If a tornado had been associated with this case, its duration would be
marked as a solid green line.
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Figure 4.8 Depiction of the relative displacement between areas of MAS with height
from 1854 to 1856 UTC, where 6-9 km MAS is shown in the top panel, 3-6 km MAS is
shown in the center panel, and 0-3 km MAS is shown in the bottom panel. Images are
shaded according to the key at the top of the figure.
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layers. However, better vertical continuity was noted than previously observed (not
shown).
After the reduction in MAS values, the 6-9 km MAS was the first to briefly
surpass the mesocyclone threshold at 1951 UTC, five minutes prior to the first jump at
1956 UTC. An increase above the threshold of 3-6 km MAS followed at 1955 UTC, one
minute prior to the first jump. The first jump was associated with a flash rate of 10.5 fpm
and a sigma level of 2.3, and occurred three minutes before the appearance of a welldefined BWER in reflectivity at 2002 UTC (Figure 4.4). Eight minutes after the first
jump, 0-3 km MAS surpassed the mesocyclone threshold with a value of 1.06e-2 s-1 at
2004 UTC. However, like the 6-9 km MAS, it did not remain above the mesocyclone
threshold.
While the 0-3 km MAS remained relatively low, the 3-6 and 6-9 km MAS values
reached relative maxima at 2004 and 2008 UTC with values of 01.89e-2 and 1.36e-2 s-1,
respectively, six and two minutes prior to the second jump at 2010 UTC. The second
jump was associated with a flash rate of 20.5 fpm and a sigma level of 2.8. It preceded
relative maxima in 3-6 km MAS, which had remained elevated, and 0-3 km MAS of
1.52e-2 s-1 and 1.14e-2 s-1, respectively, by six minutes. It also led a relative maximum in
6-9 km MAS of 1.34e-2 s-1 at 2021 UTC by 11 minutes and a 2.00-in. hail report at 2025
UTC by 15 minutes.
The third lightning jump produced by the storm occurred at 2030 UTC with a
flash rate of 25.0 fpm and a sigma level of 3.1, representing the largest jump of the storm.
It occurred ahead of additional relative maxima in the three layers of MAS, preceding
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maxima in the 0-3 km and 3-6 km layers of 1.13e-2 s-1 and 1.46e-2 s-1, respectively, at
2033 UTC by three minutes, and a maximum in the 6-9 km layer of 1.15e-2 s-1 by
eight minutes. It also led the first straight-line wind report associated with the storm by
20 minutes.
The final jump at 2058 UTC occurred in isolation with respect to severe storm
reports yet followed the descent of high reflectivities noted approximately ten minutes
earlier (Figure 4.5). Concurrently, azimuthal shear showed decreasing trends, indicative
of less stretching through the column. The combined parameters indicate early stages of
the collapse of the updraft, where enhanced lightning may instead have been the result of
particle collisions related to hydrometeor fallout along with final weaker updraft pulses.
Flash rates remained at their maximum values for the storm lifetime during this period,
ranging from 32.0 to 38.5 fpm. At 2112 UTC, the sigma level fell short of the jump
threshold at 1.8, though an identified jump would have preceded the final hail and
thunderstorm wind reports by 18 and 20 minutes, respectively. At 2124 UTC, flash rates
began a dramatic decrease, dropping from 38.0 to 1.5 fpm in a matter of eight minutes,
likely marking the final collapse of the thunderstorm. This flash rate trend was exactly
coincident with the nearly 3.0 km reduction in ET heights noted above.
A characteristic unique to this case is that no mesocyclone detections were given
by the MDA. This was likely the result of spatial and temporal constraints required by
the algorithm that were challenged by the shallow nature and transient behavior of the
rotation of this storm, as evidenced by azimuthal shear properties.
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4.1.2 Case 2: July 16, 2007; Maryland
The minisupercell on July 16, 2007 emerged as the dominant cell in a multicell
cluster that originated near 2032 UTC in Northern Maryland.

At 2105 UTC, the

WDSS-II tracking algorithm identified the storm, shown in Figure 4.9, nearly the same
time that maximum 18.5 dBZ ET heights associated with the cell began to reach 9.4 km.
As with the first storm, single-radar interrogation of the cell in Case 2 was accomplished
using the KLWX radar in Sterling, Virginia.

Figure 4.9 Reflectivity from KLWX shows the cell of interest in Case 2 as it was first
tracked at an elevation angle of 0.5º. Images are shaded according to the key at the top of
the figure.

Referring to Figure 4.10, minimal lightning was detected during the first
eight minutes that the storm was tracked, with flash rates observed between 0.0 and
0.5 fpm from 2105 to 2111 UTC. Between 2114 and 2127 UTC, maximum ET heights
had grown from 9.8 to 13.0 km, providing evidence of rapid upscale growth. During this
period, a gradual increase in flash rate to 3.0 to 4.0 fpm was observed, followed by the
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Figure 4.10 As described in Figure 4.7 for Case 2. Additionally, the period during which
the storm was between 100 and 150 km from the LMA center is shaded gray in the
lightning panel.
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first lightning jump at 2121 UTC with a flash rate of 13.5 fpm and a sigma level of 9.2
corroborating what was seen in reflectivity evolution, shown in Figure 4.11.

At

2125 UTC, a region of 65 dBZ reflectivity became apparent at the 2.4º elevation angle, at
a height of approximately 4.6 km that continued to expand through successive volumetric
updates. The second jump occurred at 2129 UTC with a flash rate of 50.5 fpm and a
sigma level of 6.9, nearly coincident with development of an overhang and WER in
reflectivity at 2127 UTC, supporting jump implications of a strengthening updraft. These
features, documented in Figure 4.12, are often early supercell qualities and provided the
first indications that the storm had matured from an ordinary thunderstorm to a
minisupercell.

The first straight-line wind report followed the two jumps by 11 and

two minutes at 2132 UTC. The second straight-line wind report at 2205 UTC occurred in
isolation with respect to recent lightning jumps.

Figure 4.11 KLWX 1.3º PPI depicts the cell of interest to the extreme northeast of the
radar at 2120 UTC. The image shows that the cell has developed compared with imagery
in Figure 4.9. Images are shaded according to the key at the top of the figure.
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Figure 4.12 Reconstructed RHI and 0.5º PPI at 2124 and 2128 UTC are shown. At
2124 UTC, data from increasing elevation angles used in the RHI would have been
captured at the time of the jump at 2127 UTC. The second RHI depicts vertical structure
evolution in the radar updates following the jump. Note that the radar is to the left when
viewing the RHI. Images are shaded according to the key at the top of the figure.

After the second jump, flash rates remained relatively elevated, at or above
60.0 fpm for the most part. During this period, the first detectable MAS values were
observed between 2142 and 2146 UTC. MAS values were unusually low throughout the
duration of the storm, though several MDA detections were noted. Upon inspection of
velocity data from KLWX, the discrepancy in mesocyclone indication is likely due to
large GTGVD in in-bound velocity that triggered MDA detections versus strong couplets
of in-bound and out-bound velocity required by azimuthal shear.
The first MDA detection occurred at 2201 UTC with a relatively low MSI of
2915.

Ten minutes later, the third and final lightning jump of the storm occurred at

2211 UTC with a flash rate of 97.5 fpm and a sigma level of 5.0. The maximum flash
rate of the storm of 126.0 fpm was achieved four minutes after, at 2215 UTC, coincident
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with the report of an EF1 tornado that lasted 12 minutes and a clear hook echo shown in
Figure 4.13. Eight minutes after the jump, 1.00-in. hail was also reported at 2219 UTC.
Six minutes after the third lightning jump, flash rates began declining slowly.
While some of the reduction may have been due to the storm’s distance from the LMA as
it propagated to the east, general size and reflectivity trends diminished within the storm
as well.

After 2241 UTC, maximum regions of MAS were also no longer

distinguishable, signaling weakened rotation. The storm was tracked until 2252 UTC
when the algorithm could no longer identify the cell due to its diminished spatial extent.

Figure 4.13 KLWX 0.5º PPI at 2214 UTC depicts a clear hook echo associated with the
tracked supercell four minutes after the final lightning jump and one minute prior to the
report of an EF1 tornado. Image is shaded according to the key at the top of the figure.

4.1.3 Case 3: April 11, 2008; Alabama
The Case 3 storm was initially interrogated using the KGWX WSR-88D
installation in Columbus, Mississippi.

A small, multicell cluster that formed in East
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Central Mississippi underwent new cell growth between 1439 and 1525 UTC, when two
dominant cells emerged. The western cell continued to grow in horizontal and vertical
extent while the eastern cell dissipated through 1602 UTC.

Through this period,

additional small cells were initiated along the storm outflow, but did not persist.
At 1557 UTC, maximum 18.5 dBZ ET associated with the cell began reaching
9.5 km, growing to 11.0 km by 1629 UTC. At 1630 UTC, evidence of a developing
overhang appeared in a reconstructed RHI, often characteristic of a developing supercell.
At 1634 UTC, these features were more pronounced as the beginnings of a hook echo
emerged and a region of reflectivity maximum of 65 dBZ developed between 3.4 and
4.3 km. At 1639 UTC, the large values of reflectivity persisted at the 7.9º elevation angle
and TBSSs were noted until 1701 UTC. The storm continued its propagation to the
northeast, developing the classic “winged” appearance of a supercell in reflectivity by
1653 UTC. However, at this time, 18.5 dBZ ET reached a maximum of only 10.7 km,
influencing the classification of this storm as a minisupercell.
Cell tracking and lightning and mesocyclone analysis began once the storm was
within the 150-km range of the NALMA, shown in Figure 4.14. While minisupercell
characteristics were evident from radar analysis prior to the time that the storm was first
tracked, lightning flash rates remained low at <10.0 fpm through 1747 UTC. However,
the detection efficiency may have been reduced due to distance from the network during
the first few minutes of lightning analysis. Additionally, smaller minisupercell vertical
structure may have limited development in the mixed-phase region where lightning
production occurs. The supercell is depicted at 1725 UTC in Figure 4.15, ten minutes
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Figure 4.14 As described in Figures 4.7 and 4.10, corresponding to Case 3.
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Figure 4.15 Radar imagery from KGWX depicts the tracked cell in Case 3 at 1725 UTC from
the 0.5º elevation angle. Imagery shows qualitative structural characteristics typical of
minisupercells, including the “winged” appearance and a hook echo. Image is shaded

according to the key at the top of the figure.

after tracking began.

Qualitative radar structure included evidence of FFD curvature

along the inflow region, a “winged” appearance through the FFD, and a hook echo.
At 1749 UTC, flash rates crossed the 10.0 fpm threshold at the same time that a
jump was indicated with a flash rate of 13.5 fpm and a sigma level of 3.4. This was
concurrent with the development of high reflectivity values at and above the 4.0º
elevation angle, or above 6.0 km, within the mixed-phase region of the storm at
1750 UTC. Reconstructed RHIs from 1743 and 1748 UTC are shown in Figure 4.16, in
close proximity to the time of the jump at 1729 UTC. The three MAS measures were low
at ≤0.50e-2 s-1 through this period, but the first MDA mesocyclone detection was noted
six minutes after the first jump at 1755 UTC with a weak MSI value of 2351. Eight
minutes after the first MDA detection and during subsequent detections, MAS in the 0-3
and 3-6 km layers began to increase simultaneously. These values were similar through
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Figure 4.16 Reconstructed RHI and 0.5º PPI is shown at 1743 and 1748 UTC. A shallow
BWER and WER are noted in the RHI, deepening in the update that occurred
approximately at the same time as the jump at 1749 UTC. The PPI imagery also gives
indication that a stronger reflectivity core was developing near the time of the jump.
Note that the radar is to the left when viewing the RHI. Images are shaded according to
the key at the top of the figure.

1830 UTC due to poor radar sampling of the storm below 3.0 km at ranges exceeding 100
km from both radars.
During the storm period, velocity data from the local WSR-88D installations of
KBMX in Birmingham, Alabama and KHTX in Hytop, Alabama were utilized for
mesocyclone analysis. Specifically, azimuthal shear was obtained from KBMX between
1715 and 1756 UTC, whereas KHTX was utilized after 1756 UTC.

KGWX in

Columbus, Mississippi was not chosen as the storm was too close to obtain adequate
azimuthal shear information with height. Of the three radars, only KHTX was used to
obtain MDA detections as the other radars contributed weaker, non-unique detections.
The second lightning jump occurred at 1815 UTC with a flash rate of 13.0 fpm
and a sigma level of 3.4, 15 minutes prior to a 1.00-in. hail report and 17 minutes before a
report of severe straight-line winds. The third storm jump followed at 1835 UTC with a
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large sigma level of 8.8, preceding a second report of 1.75-in. hail at 1830 UTC by ten
minutes and the first EF0 tornado lasting from 1846 to 1847 UTC by 11 minutes. The
fourth lightning jump occurred at 1851 UTC, ahead of the second EF0 tornado lasting
from 1906 to 1907 UTC by 15 minutes. The third EF0 tornado lasting from 1916 to
1918 UTC followed the fourth jump by 25 minutes, but the fifth jump at 1915 UTC by
one minute. The fifth jump also led the final severe hail report of 1.75 in. at 1920 UTC
by five minutes.
Following the final jump, flash rates reached a peak of 47.5 fpm at 1919 UTC.
However, they then began a steady decline, reaching a plateau in the mid 20s between
1929 and 1937 UTC. Following this quasi-steady period, flash rates continued to decline,
coincident with a noted decrease in reflectivity in the mixed-phase region above the 7.5º
elevation angle, corresponding to 6.0 km. A reduction in the mixed-phase precipitation
mass, evidenced by diminishing reflectivity values shown in Figure 4.17, substantiates
the simultaneous observed reduction in flash rates. Flash rates remained low, oscillating
between 6.0 and 15.0 fpm through 2040 UTC when the storm became too small to be
detected by the tracking procedure.
Despite the gradual increase in the three MAS measures as the storm was
ongoing, none reached the mesocyclone threshold until 1928 UTC, though relative
maxima in 3-6 km MAS were noted near the five lightning jumps. Specifically, relative
maxima of 0.62e-2 s1 occurred three minutes before the second jump; 0.73e-2 s-1
nine minutes before the third jump; 0.82e-2 s-1 one minute before the fourth jump; and
0.86e-2 s-1 two minutes prior to the fifth jump. While 6-9 km MAS had weakened and
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Figure 4.17 KHTX 7.5º PPIs are shown in approximate ten-minute intervals at 1934,
1944, 1945, and 2004 UTC. The progression depicts the decline of high reflectivity at
mid to upper levels of the minisupercell. Images are shaded according to the key at the
top of the figure.

could not be discerned after 1954 UTC, the 0-3 km MAS was elevated during the period
of decreased lightning activity toward the end of the storm, beginning at 1947 UTC. As
shown, the mixed phase precipitation mass had reduced substantially shortly before this
time; however, supercell characteristics including the “winged” appearance were
persistent, suggesting strong sustained mean flow and dynamics supporting rotation. The
0-3 km MAS fluctuated near or above the 1.00e-2 s-1 threshold through 2021 UTC, when
it decreased to consistent values in the 0.60e-2 to 0.80e-2 s-1 range through the remainder
of the storm as it decayed.
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4.2 Moderate Instability Environment -- Shallow Mesocyclone Subset: Cases 4-8
The second subset of cases considered includes storms characterized by moderate
instability environments with MLCAPE values between 900 and 2000 Jkg-1. Because
these instability profiles are supportive of storm development with scales common to
minisupercells and regular supercells, the two subsets will be treated separately. First, the
storms exhibiting shallow mesocyclones, also deemed minisupercells because of their
smaller structure, will be discussed.

Studies have broadly indicated that there is no

dynamic difference in the formation of each size of supercell, but each will be considered
separately to more accurately represent and summarize common features between like
cases.

For instance, ET development, growth of regions of high reflectivity, and

occasionally flash rates may be influenced by the different in spatial extent and poorly
represented by the description of growth of a regular supercell.

The five storms

considered with moderate instability environments and shallow mesocyclone depths of
<6 km occurred exclusively in the NALMA domain and are associated with similar shear
and helicity observations. A tornadic supercell from October 26, 2010 in Alabama is used
as the fully-detailed example case for this section. The other cases are a second, though
non-tornadic, storm that occurred on October 26, 2010; a pair of tornadic and nontornadic supercells that occurred on March 2, 2012; and a tornadic supercell that occurred
on April 28, 2014.
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4.2.1 Case 4: October 26, 2010; Alabama
Early in the day, an expansive area of multicellular showers and storms was
ongoing from Arkansas to Tennessee through Northwest Mississippi. Between 13 and
14Z, a smaller multicellular cluster formed to the northwest of the broader region of
showers, from which a single cell became dominant in East-Central Mississippi by 15Z.
The cell propagated to the northeast, entering the 150-km range of the LMA domain at
1704 UTC, where tracking began for analysis. While it was tracked, the storm produced
three lightning jumps, exhibited consistent mesocyclonic rotation in the 0-3 km and 3-6
km MAS regions, as well as displayed periods of consistent MDA detections.

It

produced two severe wind reports and was also responsible for one short-lived EF1
tornado. Although it did not display supercell intensity for the entirety of its lifetime, the
cell in question had a long duration and was visible on radar for over six hours. It was
examined for over 3.5 hours from 1704 to 2047 UTC, before and after which it was
outside of the 150-km range of the LMA.

4.2.1.1 Radar Reflectivity Analysis
At the time the storm was first tracked, it had a moderate region of reflectivity
values exceeding 50 dBZ between the 0.5º and 0.9º tilts from KGWX in Columbus,
Mississippi, though it had a strong mid-level core with values just below 60 dBZ, shown
in Figure 4.18. Maximum 18.5 dBZ ET heights also were low at 10.8 km. Between 1704
and 1751 UTC, the cell began to show evidence of intensification and organization. ET
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Figure 4.18 Imagery depicting a developing reflectivity core in the tracked cell at 1706
UTC, shortly after tracking began, between the 4.0 and 6.4º elevation angles from
KGWX. Images are shaded according to the key at the top of the figure.

heights pulsed to a maximum of 13.3 km during this period, while the beginnings of a
weak echo overhang became evident at 1712 UTC via a reconstructed RHI along the
FFD. At 1723 UTC, the reflectivity structure took on a “winged” appearance, and a
WER was observed in reflectivity, shown in Figure 4.19 at 1730 UTC. Also near this
time, KHTX was utilized for radar interrogation as the storm moved away from KGWX.

Figure 4.19 KGWX 0.5º PPI at 1730 UTC shows a developing WER, significant
curvature of the FFD, developing hook echo, and emergence of a “winged” appearance in
the precipitation field. Image is shaded according to the key at the top of the figure.
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By 1751 UTC, as the storm moved further from KGWX, consistent expansive
regions of ET heights exceeding 12.2 km were noted from KHTX with transient maxima
exceeding 14.0 km. However, these ET heights had diminished by 1823 UTC, with small
areas of maxima near 12.0 km and more expansive regions of 10.7 km, while regions of
60 dBZ and greater were also no longer evident. However, in the absence of an RHI, ring
features in PPI imagery with height were suggestive of a BWER near 1823 UTC, shown
in Figure 4.20, and a prominent hook echo was observed. Simultaneously, the brief EF1
tornado associated with this storm was reported from 1823 to 1824 UTC. After the time
of the tornado, the qualitative structure of the storm remained quite similar though the
hook echo feature was not as prominent at 1828 UTC.
As the storm continued propagating to the northeast, a BWER was more apparent
at 1834 UTC, shown in Figure 4.21, and the storm began to redevelop the hook feature
and more expansive regions of ET heights exceeding 12.2 km by 1838 UTC.

The

supercell structure continued to appear impressive with a BWER and clear hook echo
despite its miniature size in horizontal and vertical extent with maximum ET heights near

Figure 4.20 KHTX 0.5º and 0.9º PPIs respectively depict a hook echo and a ring feature
indicative of the presence of a BWER. These PPIs are provided at 1823 and 1824 UTC,
respectively. Images are shaded according to the key at the top of the figure.
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Figure 4.21 Imagery from KHTX at 0.5º, 0.9º, and 1.3º elevations depict a stronger
BWER present near the time of 1833 UTC. Images are shaded according to the key at
the top of the figure.

12.0 km. However, 18.5 dBZ ET heights were imperceptible between 1856 and 1958
UTC as the storm passed near KHTX.
At 1901 UTC, a new region of reflectivity exceeding 60 dBZ developed between
the 5.1º and 6.4º tilts, corresponding to 3.4 to 4.4 km. Three-body scatter spikes were
also evident at this time between the 3.1º and 5.1º elevation angles. These features were
no longer apparent at the next volume scan update at 1906 UTC, and though the BWER
persisted, the hook feature was also less prominent. With continuing updates on and after
1916 UTC, shown in part in Figure 4.22, the supercell became more elongated likely
from a highly sheared environment, though a WER remained.

No major changes in

qualitative appearance or reflectivity characteristics occurred through 2047 UTC when
the storm was no longer tracked.
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Figure 4.22 Appearance of the tracked minisupercell from KHTX at 0.5º as it became
more elongated, likely due to a strongly sheared environment. The minisupercell was no
longer tracked at 1947 UTC, 27 minutes after this scan at 1920 UTC. Image is shaded
according to the key at the top of the figure.

4.2.1.2 Lightning and Mesocyclone Analysis
As seen in Figure 4.23, the storm first crossed into the 150-km range of the
NALMA at 1704 UTC.

Flash rates from this time were low, at ≤4.0 fpm through

1742 UTC. MAS values were also considerably low at <0.50e-2 s-1, though the first
severe wind report occurred during this period at 1730 UTC. At 1744 UTC, the first
lightning jump occurred with a flash rate of 10.5 fpm and a sigma level of 3.5. At
1745 UTC, the storm entered the 100-km range of the LMA. Leading up to the time of
the jump, MAS values were all below the mesocyclone threshold though all displayed
relative maxima roughly at the time of the jump. Around the time of the jump, 0-3 and
3-6 km MAS maxima were nearly identical with values of 0.89e-2 and 0.88e-2 s-1 at 1737
and 1746 UTC, while the 6-9 km MAS exhibited a single relative maximum at 0.62e-2 s-1
at 1744 UTC, coincident with the jump. The first brief MDA detections were also noted
near this time with MSI values of 2797 and 3046 at 1737 and 1741 UTC, respectively.
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Figure 4.23 As described in Figures 4.7 and 4.10, corresponding to Case 4.
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Flash rates continued to increase after the first jump, reaching a maximum of
36.0 fpm at 1756 UTC. After this time, flash rates decreased as 0-3 km and 3-6 km MAS
increased, surpassing the mesocyclone threshold of 1.00e-2 s-1 simultaneously at
1805 UTC. MDA detections also resumed at 1805 UTC. Relative maxima in 0-3 and
3-6 km MAS were again distinctive at 1819 and 1820 UTC, with values of 1.95e-2 and
1.63e-2 s-1, respectively.

Three to four minutes later, an EF1 tornado was reported

between 1823 and 1824 UTC, near the time of a relative minimum in flash rate of
2.5 fpm (Figure 4.20). Near this time at 1821 UTC, reflectivity above the 3.1º elevation
angle, approximately corresponding to 6.0 km, was reduced to maxima near 35.0 dBZ
(not shown). Steiger et al. (2007) noted a similar decrease in flash rate leading up to and
during the time of a tornado in a study examining total lightning in supercells. They
discussed the possibility of this trend as related to mesocyclone breakdown and
downdraft enhancement leading up to tornadogenesis.
Following the brief tornado, flash rates increased rapidly again, with jumps
detected at 1828 and 1834 UTC, likely corresponding to a resurgence of the updraft and
coincident with high reflectivity values evident at the 3.1º elevation angle (not shown).
These jumps were associated with flash rates of 10.5 and 20.0 fpm and sigma levels of
4.0 and 3.0, respectively. The jumps occurred five and 11 minutes after the tornado was
reported and followed the 0-3 km and 3-6 km MAS maxima by eight to nine and 14 to 15
minutes.
Following the second and third jumps, flash rates increased to 27.0 fpm at 1840
UTC while MAS values decreased from their relative maxima but remained
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approximately steady.

After 1840 UTC, lightning activity declined, with flash rates

below 10.0 fpm between 1852 and 1918 UTC. During this period, diminished reflectivity
in the mixed phase region was once again observed at and above the 6.4º elevation angle,
corresponding to 6.4 km and higher, above the height of -10ºC (Table 4.4). However,
MDA detections resumed during this period while the three MAS values had begun to
increase again as well, with 6-9 km MAS reaching a maximum value of 1.15e-2 s-1 at
1911 UTC. While flash rates briefly surpassed 10.0 fpm from 1918 to 1920 UTC, the
cyclical pattern trended downward through the end of the storm.
Minimum flash rates were observed well before the storm moved outside of the
100-km range of the LMA at 2010 UTC. However, though 6-9 km MAS and mixedphase region reflectivity could not be ascertained due to the storm’s proximity to KHTX
between 1925 and 2007 UTC, the lower MAS values were ≥1.20e-2 s-1 through 2037
UTC, displaying probable continued low-level stretching. Decreasing trends in the three
MAS values were observed after 2037 UTC, concurrent with little or no lightning
activity, signaling that the storm was weakening. As the storm was decaying, a second
severe wind event occurred at 2040 UTC with downed trees reported. At 2047 UTC, the
storm propagated outside of the 150-km range of the LMA and was no longer tracked.

4.2.2 Case 5: October 26, 2010; Alabama
The second storm that was analyzed from this date originated in East Central
Mississippi as part of a multicellular cluster. It propagated to the northeast, entering the
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150-km range of the NALMA at 1906 UTC where it was tracked until 2105 UTC when it
weakened below spatial tracking constraints.

The storm was sampled best from the

KGWX radar in Columbus, Mississippi. KHTX in Hytop, Alabama was used later as
well for radar interrogation and azimuthal shear information as the storm propagated
northeastward.
The storm entered the 150-km range of the LMA at 1906 UTC. As evidenced by
the lightning flash rate information given in Figure 4.24, the cell displayed minimal
lightning activity until 1930 UTC. This low-activity period likely corresponds to low
observed ET heights. By 1916 UTC, the first substantial area of concentrated 18.5 dBZ
ET heights exceeding 9.1 km developed, followed by the first sporadic instances of ET
heights exceeding 12.2 km at 1929 UTC. While the storm had been developing vertically
within this time period through 1930 UTC as evidenced by growth of ET heights and the
establishment of lightning flash rate trends, it had also begun to show qualitative
horizontal structure resembling a supercell by 1912 UTC with development of a WER
displayed in a reconstructed RHI in Figure 4.25. Further, by 1935 UTC, the “winged”
appearance sometimes observed in radar reflectivity associated with supercell structure
had also begun to appear.
During supercell development, 0-3 and 3-6 km MAS values increased steadily,
though the 6-9 km MAS fluctuated only slightly.

For the most part, the two lower

measures of MAS trended similarly and had similar values through the duration of the
storm. This could be attributed both to the possibility that maximum rotation was near
the 3.0 km level as well as to the limited sampling of lower levels due to storm distance
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Figure 4.24 As described in Figures 4.7 and 4.10, corresponding to Case 5.
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Figure 4.25 Reconstructed RHI and 0.5º PPI at 1911 UTC from KGWX give evidence of
a developing WER. Note that the radar is to the left when viewing the RHI. Images are
shaded according to the key at the top of the figure.

from the radars. At 1937 UTC, the 0-3 km MAS rose above 1.00e-2 s-1 with a value of
1.14e-2 s-1, and remained above this threshold until 1944 UTC. During this period, a
modest hook echo signature also developed. Two minutes later, at 1939 UTC, the 3-6 km
MAS similarly approached but did not surpass the mesocyclone threshold of 1.00e-2 s-1
with a value of 0.99e-2 s-1. These two maxima followed the only severe report associated
with the storm of high wind by two and four minutes, respectively.

At 1942 UTC,

minutes after the lower two MAS maxima, the 6-9 km MAS displayed a weak local
maximum of 0.53e-2 s-1, nearly in concert with a single weak MDA detection that
occurred at 1944 UTC with a value of 2474.
Nine minutes after the severe report and seven and five minutes after the initial
maxima in the lower measures of MAS, the 0-3 km MAS crossed the mesocyclone
threshold again temporarily at 1950 UTC. Four minutes later, the first lightning jump of
the storm occurred at 1954 UTC with a flash rate of 12.5 fpm and a sigma level of 2.1,
the first time flash rates had exceeded 10.0 fpm. Four minutes after the jump, the flash
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rate reached a relative maximum of 19.0 fpm, and six minutes after at 2000 UTC, the two
lower measures of MAS surpassed the mesocyclone threshold once again with values of
1.23e-2 s-1. The 0-3 km and 3-6 km MAS remained near or above the threshold through
the end of the storm, not falling below 0.95e-2 s-1 for any extended time. A second set of
MDA detections also occurred at 2002 UTC, eight minutes after the jump, with weak
MSI values of 2958 and 2900.
After the first jump and relative maximum in flash rate, flash rates steadily
decreased again to a local minimum of 2.5 fpm at 2006 UTC. Though modest ET heights
were maintained for the most part, the storm appeared to be reorganizing through this
period with the location of ET heights in excess of 12.1 km dissipating to the northeast
and reorganizing in the southwestern portion of the storm between 2006 and 2019 UTC.
As this was occurring, flash rates again increased rapidly, and a jump was detected at
2010 UTC with a flash rate of 25.5 fpm and sigma level of 3.5. The maximum flash rate
associated with the storm of 34.0 fpm occurred four minutes later at 2014 UTC. After
this point, flash rates decreased steadily to 2.5 fpm once more at 2028 UTC. During this
time, 18.5 dBZ ET heights, detected from KHTX beginning at 2014 UTC, ultimately
diminished to no more than 11.3 km by 2040 UTC. While 0-3 km MAS trends were
maintained around 1.30e-2 s-1 there was no detectable maximum value in 6-9 km MAS
after 2042 UTC and 3-6 km MAS began decreasing after 2042 UTC. The storm was no
longer tracked after 2105 UTC due to its diminished size, minimal lightning activity, and
increasing decay.
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4.2.3 Case 6: March 2, 2012; Alabama
The first storm analyzed from March 2, 2012 occurred in the morning as part of
the initial wave of an extended severe weather outbreak in the Southeast United States.
The storm was first tracked at 1342 UTC when it entered the 150-km range of the LMA
in North Alabama as a constituent of a multicellular cluster, shown in Figure 4.26. The
KHTX polarimetric WSR-88D located in Hytop, Alabama was used for radar
interrogation.

Figure 4.26 Reflectivity from the KHTX 0.5º elevation angle shows the tracked cell as it
entered the 150-km range of the NALMA. Image is shaded according to the key at the
top of the figure.

From the time the storm cell was first tracked, it produced low flash rates of 0.0 to
2.5 fpm through 1431 UTC, as seen in Figure 4.27. While it was emerging as an isolated
storm through this time, it did not display much vertical growth or organization and
maximum MAS values were not identifiable until 1425 UTC. As the group of storms
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Figure 4.27 As described in Figures 4.7 and 4.10, corresponding to Case 6.
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expanded horizontally and propagated to the northeast, the cell of interest began
exhibiting flash rates above 10.0 fpm simultaneously with its first jump at 1445 UTC,
characterized by a flash rate of 15.0 fpm and sigma level of 3.0. Though two jumps
cannot occur within six minutes of each other, the flash rate two minutes later at
1447 UTC had nearly doubled to 31.0 fpm and the associated DFRDT value had a sigma
level of 3.8.

Figure 4.28 shows the beginnings of a ZDR arc evident at 1441 UTC,

indicative of strong mean winds and potential helicity increase

(e.g., Kumjian and

Ryzhkov 2008, 2009; Romine et al. 2009; Crowe et al. 2010, 2012; Kumjian et al. 2010;
Van den Broeke et al. 2010). Considering all signatures, the first indications of rapid
vertical growth and associated intensification of the cell were provided by lightning in
this case. It was not until 1451 UTC when the storm began to emerge as the dominant
cell with the largest region of 18.5 dBZ ET heights above 11.8 km. The first strong
evidence of a WER developed at low levels at 1451 UTC as well. Five minutes later and
11 minutes after the lightning jump, 1.00-in. hail was reported.

Figure 4.28 Panel displays ZHH on the left and ZDR on the right at 1441 UTC, colorshaded as shown in the keys at the top. Arc-shaped, concentrated high ZDR emerge along
the gradient of maximum reflectivity at the 0.5º elevation angle, encircled.
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Flash rates continued to generally increase following the first lightning jump,
reaching a maximum 55.5 fpm at 1457 UTC. Near this time, 6-9 km MAS remained
relatively low, while the 3-6 km MAS increased to over 0.90e-2 s-1 at 1453 UTC. The
first MDA detection occurred shortly after at 1456 UTC with moderate MSI values of
3693 and 3726. Five minutes later, 0-3 km MAS surpassed the mesocyclone threshold of
1.00e-2 s-1 with a value of 1.18e-2 s-1 at 1501 UTC.
Structurally, the storm had begun exhibiting consistent 18.5 dBZ ET heights
above 12.1 km at 1451 UTC while a deepening inflow notch was becoming evident at
low elevation angles, shown in Figure 4.29. Over the next ten minutes, the ZDR arc noted
previously became more apparent at the 0.5º tilt with larger maximum values exceeding
2.5 dB, also shown in Figure 4.29. Simultaneously at 1501 UTC, near the inflow region
of the storm at the 0.5º tilt, a maximum region of ZDR exceeding 3.0 dB was relatively
well-aligned with a region of maximum KDP exceeding 3ºkm-1 (Crowe et al. 2010, 2012).
At 1505 UTC, these regions of maximum ZDR and KDP had begun to display some
horizontal separation, with the KDP region displaced to the west of the ZDR region. This
separation persisted through the radar scan update at 1510 UTC, also when an EF3
tornado was first reported. The evolution of this signature is illustrated in Figure 4.30.
The tornado report followed the first lightning jump by 25 minutes. Flash rates
had substantially decreased following the jump and leading up to the time of the tornado.
As cited previously, this behavior has been reported in tornadic supercells by Steiger
et al. (2007). Following the beginning of the tornado report by five minutes at 1515
UTC, the second set of MDA detections occurred with an initial moderate MSI value of
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Figure 4.29 Evolution of the ZDR arc signature from 1451 through 1501 UTC is
provided, along with reflectivity at the 0.5º elevation angle. Layout and shading are as
described in Figure 4.28.
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Figure 4.30 Evolution of the alignment and subsequent separation of maxima in KDP and
ZDR are shown from KTLX 0.5º PPIs between 1501 and 1510 UTC, where KDP is
displayed on the left side of the panel and ZDR is displayed on the right side of the panel.
Images are color-shaded according to the keys at the top. Relative alignment of
maximum regions is shown at 1501 UTC, while KDP maxima propagate to the westnorthwest of the ZDR maxima in following updates leading up to the initial report of a
tornado at 1510 UTC.
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4221 that increased to a maximum MSI of 5637 by 1525 UTC. The MDA detections
persisted until 1553 UTC with MSI values near 4000. The 3-6 and 6-9 km MAS also
rose above the mesocyclone threshold after the initial tornado report with values of
1.02e-2 and 1.15e-2 s-1, respectively, at 1520 UTC. The first TVS detection also occurred
ten minutes after the initial tornado report at 1520 UTC.
Following the decrease in flash rate leading up to tornadogenesis, a second jump
occurred at 1523 UTC once the tornado had formed. This jump was associated with a
flash rate of 15.0 fpm and a sigma level of 2.5. Minutes later at 1525 UTC, the low-level
ZDR arc reformed at the 0.5º elevation angle, shown in Figure 4.31. Over the next several
minutes the ZDR arc signature was apparent, flash rates climbed to a relative maximum of
41.0 fpm at 1551 UTC, and the tornado persisted until 1600 UTC.

Beginning at

1602 UTC, the ZDR arc was no longer distinct due to noise as the storm neared the KHTX
radar.

Figure 4.31 A resurgence in the ZDR arc signature was noted at 1525 UTC at the 0.5º
elevation angle, following a lightning jump at 1523 UTC. Layout and shading are as
described in Figure 4.28.
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From the time that the tornado began until the four-minute period beginning at
1622 UTC, each of the three MAS measures generally increased. During this time, the
first long-track tornado occurred and a second brief EF0 tornado was reported from 1608
to 1609 UTC as the storm entered Tennessee. This second tornado was associated with a
single latent MDA detection at 1612 UTC with a MSI value of 5362, but no TVS
detection occurred within the radar updates immediately surrounding the time of the
report. After the times of the tornadoes, the 0-3 km MAS reached a maximum value of
2.30e-2 s-1 at 1622 UTC; 3-6 km MAS reached maxima of 2.39e-2 and 2.38e-2 s-1 at 1612
and 1622 UTC; and 6-9 km MAS reached a final relative maximum value of 1.70e-2 s-1
at 1626 UTC before the three measures began decreasing.

After a brief period of

moderate flash rates associated with a jump at 1613 UTC, characterized by a flash rate of
31.0 fpm and a sigma level of 3.3, flash rates also decreased through the end of the storm
analysis period. At 1645 UTC, the supercell merged with another storm and was no
longer individually distinguishable for analysis purposes.

4.2.4 Case 7: March 2, 2012; Tennessee
The second storm analyzed from the March 2, 2012 severe weather event
developed to the northeast of the multicell cluster associated with the first storm. The
second storm was tracked and analyzed from 1452 until 1621 UTC when it moved
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outside of the 150-km range of the NALMA. It was within 100 km of the NALMA from
the time it was first tracked until 1553 UTC.
While the storm was first discerned for tracking beginning at 1452 UTC, shown in
Figure 4.32, its maximum 18.5 dBZ ET heights first exceeded 12.2 km at 1515 UTC,
though it proceeded to move too near to the KHTX radar in Hytop, Alabama for reliable
ET height detection. Near this time at 1510 UTC, the storm developed an overhang aloft
in reflectivity depicted in Figure 4.33, though it struggled to maintain a persistent WER
characteristic of a supercell. The limited vertical development of the supercell is echoed
by low flash rates over the duration of the storm, not exceeding 4.0 fpm even within 100
km of the NALMA center, as shown in Figure 4.34.
While maximum 6-9 km MAS was not identifiable at the time the storm was first
tracked, a maximum emerged and quickly exceeded 1.00e-2 s-1 with a value of 1.14 s-1 at
1506 UTC. From 1515 to 1529 UTC, a weak ZDR arc became apparent at the 0.5º tilt
from KHTX, shown in Figure 4.35. During this period at 1518 UTC and 1520 UTC,

Figure 4.32 A 0.5º PPI from KHTX shows the developing storm at 1451 UTC, a minute
before the time it was first detected and tracked. Image is shaded according to the key at
the top of the figure.
!120

Figure 4.33 Reconstructed RHI of the cell of interest is accompanied by a 0.5º PPI from
KHTX at 1510 UTC. At this time, a weak overhang was observed in association with the
cell, as well as a transient WER. Note that the radar is located to the right when viewing
the RHI. Image is shaded according to the key at the top of the figure.

maximum 0-3 and 3-6 km MAS, respectively, began to exceed the 1.00e-2 s-1
mesocyclone threshold. At 1536 and 1529 UTC, maximum 0-3 km and 3-6 km MAS,
began to reach maximum values of 1.62e-2 and 1.51e-2 s-1, respectively. However, near
this time, flash rates decreased to ≤1.0 fpm as 6-9 km MAS also decreased below the
mesocyclone threshold and continued to diminish through the rest of the time that the
storm was tracked. For the remainder of the storm, flash rates remained low while the
minisupercell continued to display moderate to strong rotation at the 0-3 km and 3-6 km
layers. At 1558 UTC, continuous weak to moderate MDA detections were observed with
MSI values ranging between 2497 and 4047 despite weak MAS values in the 6-9 km
layer.

A weak ZDR arc signature also reformed at the 0.5º elevation from KHTX at

1558 UTC, lasting through 1607 UTC.
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Figure 4.34 As described in Figures 4.7 and 4.10, corresponding to Case 7.
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Figure 4.35 Evolution of the ZDR arc associated with the tracked cell is shown between
1515 and 1529 UTC from the KHTX 0.5º elevation angle. Layout and shading are as
described in Figure 4.28.
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Consistent with weak maximum 6-9 km MAS indicative of reduced stretching of
the column, vertical development of the supercell was limited as evidenced through
18.5 dBZ maximum ET heights. ET heights did not exceed 12.2 km for most of the
storm’s life until 1616 UTC, and then only maintained a small area of these heights for
two volume scans. Though it should be considered that the storm was over 100 km from
the center of the NALMA, its maximum flash rate around this time was also no greater
than 0.5 fpm, pointing further to limited vertical development. The miniature supercell
propagated outside of the 150-km range of the LMA at 1621 UTC, producing a single
severe wind report nearly an hour later at 1710 UTC.

4.2.5 Case 8: April 28, 2014; Alabama
The severe weather outbreak that occurred in the Southeast United States on
April 28-29, 2014 included many supercells and multicellular structures with embedded
supercells. The storm of interest emerged as the dominant cell in one such instance,
evolving into a cyclic supercell and producing two extended EF0 and EF3 tornadoes.
It was tracked from 2240 UTC when it entered the 150-km range of the NALMA until it
began to dissipate at 0149 UTC (29 April), falling below spatial tracking requirements.
KHTX, the polarimetric WSR-88D in Hytop, Alabama serves as the primary radar used
for azimuthal shear and radar-inferred storm structure analysis.
From the time that the storm was first tracked, it was already displaying supercell
structure on radar, shown in Figure 4.36. It was also exhibiting mesocyclonic rotation in
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Figure 4.36 Image of the KGWX 0.5º PPI showing the supercell in Case 8 as it entered
the 150-km range of the NALMA and began to be tracked. Image is shaded according to
the key at the top of the figure.

all three MAS measures and via MDA detections, shown in Figure 4.37, and was
producing an EF0 tornado from 2238 until 2253 UTC. Maximum 18.5 dBZ ET heights
at 2238 UTC were in excess of 15.2 km and flash rates were rising from 38.5 fpm. As the
storm propagated to the northeast, its structure began to deteriorate and its organization
suffered somewhat, evidenced by a reduction in strength of rotation through 2253 UTC as
the three MAS measures decreased to approximately 1.00e-2 s-1and the weak tornado
ended. This is observed via a reconstructed RHI in Figure 4.38. Lightning activity,
however, was intensifying somewhat through this time, as the first jump was indicated at
2257 UTC with a flash rate of 62.5 fpm and a sigma level of 2.4.
At 2313 UTC, a small cell approaching from the southeast began to impact the
supercell, inhibiting its inflow as depicted in Figure 4.39.

Between 2316 UTC and

2340 UTC when the merger of the cells was complete at lower levels, ET heights had
fallen from a maximum of 17.0 to 14.0 km and MAS values had all reached a minimum
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Figure 4.37 As described in Figures 4.7 and 4.10, corresponding to Case 8.
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Figure 4.38 Reconstructed RHI of the cell of interest is accompanied by a 0.5º PPI from
KGWX of at 2253 UTC. Structural weakening of the supercell is observed. Note that
the radar is located to the left when viewing the RHI. Image is shaded according to the
key at the top of the figure.

Figure 4.39 The 0.5º PPI from KGWX is shown at 2313 UTC. A small cell to the
southeast of the supercell, indicated by an arrow, began to approach the supercell inflow
region at this time. Supercell organization was impacted in subsequent updates by the
merge. Image is shaded according to the key at the top of the figure.
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near 0.40e-2 s-1. At this point, the storm could not be considered a supercell due to its
lack of a mesocyclonic rotation and absence of qualitative structure.

Flash rates,

however, were not impacted in the reorganization of the storm, as they continued to
increase steadily through this period, indicating persistence of a robust updraft.
Two near-jumps occurred at 2337 and 2345 UTC with flash rates of 76.0 and
88.0 fpm and sigma levels of 1.83 and 1.90, respectively. Two minutes after the second
near-jump, at 2347 UTC, new vertical development became evident from KHTX.
Additionally, maximum 18.5 dBZ ET heights were beginning to increase again near this
time, with wider development of ET heights exceeding 13.7 km and maxima approaching
15.0 km sporadically. At 2354 UTC, an individual MDA detection occurred with a low
MSI value of 2781, and 18.5 dBZ ET heights pulsed briefly above 15.2 km. Minutes
later at 2356 UTC, 0-3 and 3-6 km MAS values again began to approach the
mesocyclone threshold. At 2008 UTC, 18.5 dBZ ET heights pulsed upward again, with a
maximum of 16.1 km noted. The second lightning jump occurred one minute later at
0009 UTC, associated with a flash rate of 84.5 fpm and sigma level of 2.8. This was
followed by another isolated weak MDA detection at 0017 UTC with a MSI value of
2952 and a second set of maxima of 1.20e-2 s-1 in 0-3 and 3-6 km MAS at 0025 UTC.
Following the second lightning jump and increases in rotation metrics, supercell
structure became more evident from 0013 to 0017 UTC with establishment of a WER. In
this time frame, a reflectivity segment indicative of a weak boundary propagated through
the hook feature of the storm by 0022 UTC and the reflectivity core by 0045 UTC,
concurrent with a pulse in maximum ET to 15.8 km. Near the time of the boundary
!128

interaction and 12 minutes after the second jump, a third jump occurred at 0039 UTC
with a flash rate of 76.0 fpm and sigma level of 2.2. This third jump was followed
shortly by a rise in flash rates to 100.0 fpm at 0043 UTC. The storm also began to
display more characteristic supercell organization after the boundary interaction and third
jump. Coleman and Knupp (2008) have observed and documented similar mesocyclone
intensification and overall brief storm strengthening upon boundary interactions that
result in convergence and stretching through the column. By 0051 UTC, 6-9 km MAS
was rising, reaching 0.91e-2 s-1, compared with values 20 minutes prior in the range of
0.4e-2 to 0.5e-2 s-1. ET heights were not reliably measured at this stage, however, due to
the close proximity of the storm to the KHTX radar.
At 0055 UTC, a second larger linear reflectivity feature reached the supercell,
impacting the southwestern portion first.

By 0100 UTC, the feature had propagated

through the inflow region of the storm and a new, distinctive hook feature was evident.
With more apparent impacts than the passage of the first reflectivity segment through the
supercell, progression of the larger feature is documented in Figure 4.40.
Coincident with the passage of the reflectivity segment through the inflow region of the
supercell at 0100 UTC, rotation at all three levels had begun to increase substantially,
rising to between 0.30e-2 and 0.50e-2 s-1 from 0053 to 0100 UTC and remained elevated.
TVS detections began to be consistent at subsequent radar updates as well, and beginning
four minutes later at 0104 UTC, consistent MDA detections beginning at 0104 UTC were
also noted. At 0109 UTC, the fourth and final jump of the storm occurred with a flash
rate of 113.0 fpm and sigma level of 4.8. The lightning jump occurred at the same time
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Figure 4.40 Progression of a reflectivity structure through the supercell from 0055 to
0109 UTC from the 0.5º elevation angle of KHTX. The reflectivity structure is indicated
with an arrow in each image. Images are shaded according to the key at the top of the
figure.
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as the initial report of an EF3 tornado that lasted until 0133 UTC.

Maximum MAS

values also remained elevated during the tornado, with 6-9 km MAS reaching a
maximum value of 2.02e-2 s-1 five minutes after the jump at 0114 UTC. 0-3 and 6-9 km
MAS also reached maxima shortly before and at the time the tornado ended with values
of 0.044e-2 s-1 at 0130 UTC and 0.028e-2 s-1 at 0133 UTC, respectively.
After the final lightning jump, flash rates immediately began to decrease, falling
to 16.5 fpm at the time the tornado ended, and reaching 0.5 fpm at 0149 UTC when the
storm diminished too much to be tracked. TVS and MDA detections also ended shortly
after the tornado was no longer reported, and MAS values decreased substantially after
0133 UTC. MAS values fell from maxima of 4.37e-2 s-1 (0-3 km MAS at 0130 UTC),
2.84e-2 s-1 (3-6 km MAS at 0133 UTC), and 1.92e-2 s-1 (6-9 km MAS at 0133 UTC) to
approximately 0.50e-2 to 0.60e-2 s-1 by 0201 UTC.

4.3 Moderate Instability Environment – Deep Mesocyclone Subset: Cases 9-13
The third subset of cases considered includes storms whose MLCAPE values
were moderate as in the previous subset but whose horizontal extents and mesocyclone
depths characterize a regular-sized supercell.

The five storms categorized with this

description occurred in the NALMA and OKLMA domains. Though stronger shear and
helicity values are attributed to the storms in the NALMA domain, creating a general
difference in near-storm environments, all storms underwent similar development as
observed on radar.

The most representative case from this group occurred on
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April 10, 2009 in South Tennessee and is used as the fully-detailed example case for this
section. Remaining cases occurred on February 10, 2009 in Oklahoma; April 25, 2010 in
Alabama; and May 16, 2010 in Oklahoma; two of which were non-tornadic.

4.3.1 Case 9: April 10, 2009; Tennessee
Storm morphology in Tennessee on this date was mixed-mode, with several
isolated supercells occurring in the late morning to early afternoon followed by a QLCS.
The storm of interest in this case was first evident on radar at 1641 UTC as a small
shower south of the Alabama-Tennessee border formed and began to propagate to the
north. It was first identified at 1703 UTC with the tracking algorithm and was tracked
until 1846 UTC when it was overtaken by the QLCS that approached from the west and
was no longer individually identifiable for analysis purposes.

4.3.1.1 Radar Reflectivity Analysis
The first light radar returns corresponding to the cell of interest appeared at the
1.3º tilt from KHTX in Hytop, Alabama at 1641 UTC, and began propagating to the
north/northeast. At 1658 UTC the cell was apparently growing larger and deeper than
surrounding cells at and above the 1.8º elevation angle. Minutes later at 1703 UTC, it
further began developing a sizable region of reflectivity exceeding 50 dBZ. This was
also the time that the storm was first detected by the tracking algorithm, though its 18.5
dBZ ET heights minimally exceeded 9.1 km.
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The cell continued to grow, developing regions of higher reflectivity between 0.5º
and 0.9º in elevation, or between 1.6 and 2.3 km. From 1713 to 1714 UTC, reflectivity at
the lowest tilts between 0.5º and 1.3º in elevation began to take on the curved appearance
of a sheared storm, shown in Figure 4.41. During the next volumetric update, evidence
of stronger reflectivity values in excess of 65 dBZ had begun developing in small pockets
at a maximum height of approximately 3.0 km.

These were maintained in the next

several updates. At 1722 UTC, an area of weaker reflectivity began to develop at the
lowest elevation angles surrounding the expected storm inflow region. By 1727 UTC, a
WER was apparent, shown in a reconstructed RHI in Figure 4.42, and the area of
reflectivity at or above 60 dBZ extended from the 0.5º through the 4.0º tilt, corresponding
approximately to 1.4 to 7.3 km. At 1731 UTC, a sudden spike in maximum ET heights to
13.0 km occurred, and extensive areas of ET heights at or above 11.4 km were
maintained in subsequent updates.
At 1731 UTC, an apparent hook echo was present in horizontal reflectivity,
indicating presence of a rotating updraft. This feature was stronger at 1736 UTC, and at
lower tilts between 0.5 and 1.3º, reflectivity exceeding 70 dBZ had become apparent.
The next update at 1741 UTC in Figure 4.43 shows that a smaller shower had approached
from the south, colliding with the inflow and updraft regions of the supercell and
disrupting the hook echo. It interfered with rotation and possibly tornadogenesis given
weakening of rotation after this point. At 1746 UTC, the size of the region of reflectivity
exceeding 60 dBZ had diminished significantly at the 0.5º elevation angle, coincident
with 1.00 and 1.75-in. hail reports at 1745 and 1746 UTC.
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Figure 4.41 Area of maximum reflectivity at 0.5º from KHTX began displaying a curved
appearance at 1713 UTC, ten minutes after it was first detected and tracked. Image is
shaded according to the key at the top of the figure.

Figure 4.42 Reconstructed RHI and 0.5º PPI from KHTX at 1727 UTC give indication of
a developing WER. Note that the radar is located to the right when viewing the RHI.
Image is shaded according to the key at the top of the figure.
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Figure 4.43 The KHTX 0.5º PPI at 1741 UTC depicts the robust hook echo noted in
previous radar scans, as well as the shower to the southwest of the supercell that impacted
its updraft and inflow regions. The shower is circled. Image is shaded according to the
key at the top of the figure.

At 1750 UTC, ET heights began regularly reaching 13.0 km and expanding in
area, indicating updraft strengthening.

Beginning at 1755 UTC, restructuring and

restrengthening of the updraft rotation was evidenced by the hook echo, as well as a
newly-developed BWER seen up to 4.1 km in the 1.8º and 2.4º elevation angles. At
1800 UTC, however, a second shower moved into the inflow region of the supercell,
disrupting the updraft and obscuring the updraft- and rotation-related features mentioned.
Between 1804 and 1818 UTC, strong reflectivity at lower elevation angles began
to redevelop. A hook echo became more prominent at 1818 UTC, and a third 1.75-in.
hail report occurred at 1828 UTC, simultaneous with weakening of the high reflectivity
region at lower levels. While the hook echo remained, high reflectivity regions did not
redevelop through the remainder of the analysis period.
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4.3.1.2 Lightning and Mesocyclone Analysis
The storm was first identified and tracked in WDSS-II at 1703 UTC. Flash rates
for the initial 12 minutes of storm analysis were low, at or below 2.0 fpm, shown in
Figure 4.44.

Flash rates increased gradually through 1725 UTC as the storm was

organizing on radar, while MAS values remained below the 1.00e-2 s-1 mesocyclone
threshold through 1723 UTC. At 1723 UTC, 0-3 and 3-6 km MAS crossed the threshold
considered for mesocyclone rotation with values of 1.06e-2 s-1.
The first lightning jump occurred at 1727 UTC, with a flash rate of 14.0 fpm and
a sigma level of 8.2.

This jump was coincident with the first MDA detection

characterized by a moderate MSI of 3019, and followed by relative maxima in 0-3 and
3-6 km MAS two minutes later at 1729 UTC with values of 1.45e-2 s-1. Though two
jumps cannot occur within six minutes of each other, the flash rate two minutes after the
jump, at 1729 UTC, was 29.5 fpm, associated with a 9.1-sigma change in flash rate. At
1731 UTC, the first rapid increase in ET to 13.0 km was noted, followed by a second set
of relative maxima in 0-3 and 3-6 km MAS of 2.20e-2 s-1 at 1739 UTC. A period of
elevated flash rates near or above 35.0 fpm lasted until 1745 UTC, but decreased during
and following reports of 1.00 and 1.75-in. hail at 1745 and 1746 UTC. These reports
followed the initial jump at 1727 UTC by 18 and 19 minutes.
After the hail reports, MAS reached relative minima, but rebounded along with
flash rates through the next 40 minutes. There was also a period of disrupted MDA
detections until 1804 UTC when they became temporally consistent again. This
consistency occurred one minute prior to the second jump at 1805 UTC, characterized by
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Figure 4.44 As described in Figures 4.7 and 4.10, corresponding to Case 9.
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a flash rate of 42.0 fpm and a sigma level of 2.1.

At this time, a region of high

reflectivity values had also begun to redevelop as noted. At 1825 UTC, 20 minutes later,
a third jump nearly occurred with a flash rate of 47.5 fpm, though the sigma level fell
short of the jump threshold at 1.8. Three minutes later, however, and 23 minutes after the
second jump, a third severe hail report was noted with a size of 1.75 in. Following the
hail report by seven minutes, MAS values began to decrease along with flash rates as the
storm began to merge with the QLCS at 1835 UTC.

4.3.2 Case 10: 10 February 2009; Oklahoma
A series of early-season supercells affected the Central Oklahoma region on
February 10, 2009. The first storm analyzed for this study produced several severe hail
reports and multiple EF1 or EF2 tornadoes.

The first indications of reflectivity

corresponding to this cell appeared on radar at 1845 UTC, though the storm did not meet
size criteria to be tracked in WDSS-II until 1913 UTC. It was tracked until 2200 UTC
when it merged with other storms and was no longer individually distinguishable for
analysis. OKLMA lightning data was used while rotation analysis was accomplished
with data from the KTLX radar in Oklahoma City, Oklahoma.
The first lightning flashes associated with the cell were noted at 1919 UTC,
shown in Figure 4.45, six minutes after the storm was first identified for tracking. At
1924 UTC, areas of 18.5 dBZ ET heights above 9.1 km began to expand appreciably.
The storm also began to develop a core of reflectivity exceeding 50 dBZ between the 0.5º
and 3.4º elevation angles, corresponding to 1.3 to 5.7 km. The first lightning jump was
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Figure 4.45 As described in Figures 4.7 and 4.10, corresponding to Case 10.
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produced at 1929 UTC with a flash rate of 24.5 fpm and a sigma level of 5.7.
Corresponding reflectivity is shown with a reconstructed RHI and 0.5º PPI from KHTX
in Figure 4.46. Ten minutes after the jump, 6-9 km MAS was briefly noted above the
1.00e-2 s-1 threshold with a value of 1.18e-2 s-1 at 1939 UTC.
Data from KTLX is incomplete at 1934 UTC, though at the following volume
scan at 1936 UTC, reflectivity depicts development of an overhang associated with the
storm. A shallow WER is more evident at 1940 UTC in a reconstructed RHI shown in
Figure 4.47. The second lightning jump of the storm occurred at 1941 UTC with a flash
rate of 35.0 fpm and a sigma level of 3.6. Six minutes later, 6-9 km MAS surpassed the
mesocyclone threshold and remained above for most of the storm after 1947 UTC. The
first MDA detection also occurred 11 minutes after the jump with a moderate MSI value
of 3216 at 1952 UTC.

Figure 4.46 Reconstructed RHI and 0.5º PPI from KHTX at 1929 UTC, coincident with
the first lightning jump of the developing storm. Note that the radar is located to the right
when viewing the RHI. Image is shaded according to the key at the top of the figure.
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Figure 4.47 Reconstructed RHI and 0.5º PPI from KHTX at 1940 UTC give indication of
a weak WER associated with the developing supercell are shown. Note that the radar is
located to the right when viewing the RHI. Image is shaded according to the key at the
top of the figure.

Beginning at 2001 UTC, two distinct regions of high reflectivity became evident,
distinguishable from the 0.5º to 6.4º elevation angles, or up to 7.5 km. Corresponding
reflectivity images are shown in Figure 4.48. The feature to the southwest began to split,
joining with other cells into a convective line to the west, while the feature to the
northeast, the supercell, maintained ET exceeding 12.0 km through 2022 UTC.
distinction between cells is clearest above 4.0 km, or the 4.0º elevation.

The

Flash rates

associated with the supercell increased steadily after this, surpassing 80.0 fpm at
2001 UTC, giving indication of strong storm dynamics. During the splitting process, the
supercell maintained a robust core of reflectivity values exceeding 60 dBZ at lower
elevation angles, and the existing WER became considerably deeper at 2009 UTC. At
2013 UTC, 6-9 km MAS values suddenly increased above 1.70e-2 s-1, beginning the
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Figure 4.48 Images of the 0.5º and 5.1º elevation angles from KTLX at 2001 and 2004
UTC, respectively, show the splitting supercell where the southwestern portion later
became part of a linear convective feature to the west of the original supercell. Images
are shaded according to the key at the top of the figure.

marked period of elevated azimuthal shear maintained through approximately 2100 UTC.
Five minutes later at 2018 UTC, a distinct hook echo developed from the 0.5º through
4.0º elevation angles, corresponding to heights between 0.5 and 3.5 km, coincident with
the first TVS detection. Simultaneously, a BWER was apparent in a reconstructed RHI,
shown along with a 0.5º PPI in Figure 4.49. The onset of the severe hail reports followed
shortly thereafter, beginning at 2022 UTC, including 1.75-in. and 2.75-in. hailstones.
The hook echo and BWER persisted through this period, and the third lightning jump was
noted at 2037 UTC with a flash rate of 110.0 fpm and a sigma level of 2.0. The first EF1
tornado occurred one minute prior to the jump, lasting from 2036 until 2037 UTC as the
three MAS measures remained elevated.
The second set of severe hail reports near 2040 UTC occurred three minutes after
the third jump, along with a relative maximum in total lightning flash rates in excess of
110.0 between 2037 and 2041 UTC.

At 2039 UTC, after the first tornado report,
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Figure 4.49 Reconstructed RHI and 0.5º PPI from KTLX at 2018 UTC show presence of
a BWER in the vertical as well as a defined hook echo at low levels of the supercell.
Note that the radar is located to the right when viewing the RHI. Image is shaded
according to the key at the top of the figure.

18.5 dBZ ET heights fell below 12.0 km, though broad regions above 10.5 km persisted.
The hook echo feature also broadened by 2039 UTC and became less evident as high as
the 4.0º elevation angle, corresponding to 3.0 km. By 2048 UTC, ten minutes later, the
hook feature was again becoming more prominent, though areas of ET above 9.0 km
were decreasing. A second maximum in 6-9 km MAS occurred at 2051 UTC with a
value of 1.91e-2 s-1. At 2053 UTC, the second tornado was reported 16 minutes after the
third jump, lasting through 2105 UTC with a rating of EF2. During the tornado, the
fourth jump occurred at 2013 UTC with a flash rate of 56.0 fpm and a sigma level of 2.1,
following a brief decrease in flash rates to a minimum of 27.5 fpm.

Values of

6-9 km MAS decreased during the time of the tornado, becoming approximately steady
near 1.00e-2 s-1 at 2108 UTC.
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Following the dissipation of the second tornado, the hook feature once again
broadened at 2105 UTC and flash rates increased, rising over 60.0 fpm at 2107 UTC. By
2117 UTC, the hook began to noticeably tighten, becoming more distinctive for a third
time and was paired with a deep BWER. The third tornado, a second EF1, was reported
at 2124 UTC, 21 minutes after the final jump, and lasted until 2126 UTC. The hook echo
was once again broad at 2126 UTC during the dissipation of the tornado, but tightened
rapidly by 2130 UTC. The final tornado, another EF1, was reported at 2139 UTC, lasting
through 2159 UTC as the storm inflow was being disrupted by the approaching supercell
to the south, shown in Figure 4.50. After the storm moved outside of the 100-km range
of the OKLMA at 2121 UTC, flash rates had remained near or above 50.0 fpm for most
of the remainder of the storm, falling rapidly to 24.5 fpm at 2159 UTC.

Figure 4.50 The northern-most area of maximum reflectivity in the 0.5º PPI from KTLX
at 2200 UTC represents the supercell in Case 10 as the supercell to its south begins to
merge with it. Image is shaded according to the key at the top of the figure.
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4.3.3 Case 11: 10 February 2009; Oklahoma
The second storm analyzed from this cool-season severe weather event was
non-tornadic, occurring roughly simultaneously with the first storm, and produced
multiple severe hail reports as well. The first radar echoes associated with the ordinary
cell from which the supercell developed were evident at 1859 UTC, not long after the
first analyzed storm in Case 10 was identifiable. The second storm was tracked from
1915 until 2200 UTC when it began to merge with other supercells, similar to the Case
10 storm. As with the previous case, data from the OKLMA were used for lightning
analysis while rotation analysis was accomplished with data from the KTLX radar in
Oklahoma City, Oklahoma.
Initial flash rates associated with the storm of interest were low, ≤2.5 fpm until
1943 UTC when the flash rate reached 6.0 fpm, shown in Figure 4.51. The first lightning
jump occurred two minutes later at 1945 UTC, with a flash rate of 13.5 fpm and sigma
level of 2.7, three minutes prior to the first notable increase in 18.5 dBZ ET heights above
9.0 km at 1948 UTC. The storm propagated to the northeast through 2005 UTC, visibly
struggling against splitting to remain organized in a single cell, evident particularly at the
5.0 to 7.0 km levels. During this period, consistent areas of 18.5 dBZ ET heights above
9.0 km were also smaller and inconsistent.
At 2005 UTC, an isolated cell approaching rapidly from the south merged with
the storm of interest, after which it became more organized, shown in Figure 4.52. A
modest overhang and small WER appeared at 2009 UTC, following the merge. MAS
values that had remained below the mesocyclone threshold surpassed it near this time at
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Figure 4.51 As described in Figures 4.7 and 4.10, corresponding to Case 11.
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Figure 4.52 Disorganized storm shown in the 0.5º PPI from KTLX at 2005 UTC as it
merges with another cell. The cell is circled. Three minutes later at 2008 UTC, imagery
from the 4.0º elevation angle shows more organization of the storm at mid-levels.
Images are shaded according to the key at the top of the figure.

2011, 2013, and 2017 UTC with values of 1.31e-2, 1.20e-2, and 1.04e-2 s-1 (0-3, 3-6, and
6-9 km layers, respectively).
A second jump occurred at 2015 UTC with the return of higher flash rates,
associated with a flash rate of 12.5 fpm and sigma level of 2.1. The first severe hail
report occurred 15 minutes later with a size of 2.00 in. Within minutes of the second
jump, a weak hook echo developed to the south of the storm at 2018 UTC and the first
MDA detection occurred with a weak MSI value of 2539. During this period, the storm
propagated to the north/northeast, elongating from southwest to northeast. At 2026 UTC,
a second protrusion in reflectivity emulating a hook echo and associated weak area of
rotation formed in the center of the southern edge of the forward flank, shown in
Figure 4.53.

Concurrently, a region exceeding 60 dBZ appeared in the northeastern

portion of the storm, extending from the 0.5º through the 1.8º elevation angles,
corresponding to 0.7 through 2.0 km (Figure 4.53).

This high reflectivity region

continued to grow through 2031 UTC, reaching the 3.1º elevation angle, or 2.9 km. The
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Figure 4.53 A hook-like protrusion along the FFD of the main supercell coincides with
development of a region of strong reflectivity at mid-levels as shown in the KTLX 0.5º
and 6.4º elevation angles at 2026 and 2029 UTC. Images are shaded according to the key
at the top of the figure.

third lightning jump of the storm occurred near this time at 2029 UTC, associated with a
flash rate of 24.5 fpm and a sigma level of 2.8. At this time, a storm split seemed
imminent, as regions of ET heights exceeding 9.0 km appeared to be dividing and
separate reflectivity cores above 6.4º elevation, or 5.0 km, had developed. At 2035 UTC,
the hook echo associated with the southern half of the storm became more defined while
MAS values remained consistent near 1.00e-2 s-1 for an extended period.
At 2043 UTC, an extensive region of 18.5 dBZ ET heights developed exceeding
12.0 km, associated with the southern portion of the storm. After this time, the storm
appeared more organized and less likely to split. The northern portion, which seemed
most likely to segment, was ingested into the FFD of the southern storm over time,
shown in Figure 4.54. Two minutes after the development of increased echo tops, the
fourth jump occurred at 2045 UTC with a flash rate of 51.5 fpm and sigma level of 2.3.
The fourth jump was followed by a fifth in the next six minutes at 2051 UTC with a flash
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Figure 4.54 Progression of the supercell at the 0.5º elevation angle over approximately
an hour, from 2048 to 2155 UTC, as it failed to split. Images are shaded according to the
key at the top of the figure.

rate of 55.0 fpm and a sigma level of 2.2. At 2048 and 2056 UTC, TBSSs were noted at
the 0.5º through 1.8º elevation angles. The final jump preceded 1.75-in. and 1.25-in. hail
reports at 2100 and 2103 UTC, respectively, by 15 and 18 minutes. At 2059 UTC, eight
minutes after the final jump, flash rates began to reach a relative maximum above 85.0
fpm. Minutes later at 2104 UTC, 0-3, 3-6, and 6-9 km MAS peaked rapidly with values
of 1.74e-2, 1.74e-2, and 1.54e-2 s-1 after experiencing relative minima of 0.74e-2,
0.75e-2, and 0.88e-2 s-1 at 2055 UTC. A second isolated MDA detection also occurred at
2100 UTC with a moderate MSI value of 3233, 15 and nine minutes after the fourth and
fifth jumps.
At 2113 UTC, a small storm approached from the southeast, merging with the
supercell of interest. A well-defined hook echo formed at 2121 UTC after the merger,
and lasted through the end of the storm analysis time frame. During this period, a string
of MDA detections with moderate values exceeding 3500 also occurred between 2121
and 2138 UTC along with a series of TVS detections. 6-9 km MAS simultaneously
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fluctuated slightly around 1.30e-2 s-1, while 0-3 and 3-6 km MAS trended similarly
reaching values in excess of 2.00e-2 s-1 between 2127 and 2138 UTC.
At 2126 UTC, an area of reflectivity exceeding 60 dBZ reformed to the northwest
of the hook echo, extending from the 0.5º to the 6.4º elevation angle, or from 0.5 to
5.2 km. By 2130 UTC, areas of ET heights exceeding 12.0 km associated with the storm
had disappeared, though flash rates remained mostly elevated with maxima near and
above 60.0 fpm through 2143 UTC. In the next radar update at 2134 UTC, the noted area
of high reflectivity had expanded horizontally, though only extended through 2.4º in
elevation, or approximately 2.2 km. Severe hail with a size of 1.75 in. was reported at
2135 UTC, and while the extensive area of large reflectivity had diminished in the lowest
tilts, a new area was forming at higher elevations between the 3.1º and 8.0º elevation
angles, or from 2.9 to 7.0 km. This high-reflectivity area descended through the next
several updates, and two additional 2.75-in. and 1.75-in. hail reports occurred at 2153 and
2155 UTC. Beginning at 2143 UTC and leading up to the time of the hail reports, flash
rates began to noticeably decrease, falling to 23.0 fpm. Following the hail reports, the
areas of reflectivity exceeding 60 dBZ diminished significantly through the final few
minutes of the storm analysis period.

4.3.4 Case 12: April 25, 2010; Alabama
This North Alabama supercell is unique to this study due to its nocturnal
occurrence. It was first detected on radar from KGWX in Columbus, Mississippi at 2303
UTC forming off of a boundary in Eastern Central Mississippi, though it was not tracked
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until it came within the 150-km range of the NALMA at 0112 UTC. Lightning data from
the NALMA was used, accompanied by mesocyclone analysis and radar interrogation
using the KGWX and KHTX radars in Columbus, Mississippi and Hytop, Alabama.
When the storm was first tracked, it was already displaying supercell
characteristics in radar structure, exhibiting moderate flash rates with a local maximum of
70.0 fpm, and had been producing an EF1 tornado since 0106 UTC that lasted until
0117 UTC. Four minutes later, shown in Figure 4.55, it produced a second EF1 tornado
from 0121 to 0135 UTC. During this period, azimuthal shear values were relatively low,
with 0-3 and 3-6 km MAS falling from initial values of 0.87e-2 and 0.72e-2 s-1 to
approximately 0.50e-2 s-1 by 0125 UTC, respectively. 6-9 km MAS values were also low
at nearly 0.45e-2 s-1.

Weak MDA detections with MSI values no greater than 2398

decreased as well, and eventually disappeared at 0126 UTC during the early tornadic
period. Flash rates generally decreased during the first hour of storm analysis, reaching a
local minimum of 24.0 fpm at 0157 UTC. These rotation and lightning trends compare
with radar imagery between 0125 and 0153 UTC suggesting weak organization of the
storm, particularly as seen at upper levels in the thunderstorm, shown in Figure 4.56. By
0153 UTC, however, there appeared to be redevelopment of a main precipitation region
aloft as shown in reflectivity imagery while a WER began to form between the 0.5º and
4.0º elevation angles, shown in Figure 4.57.
Following structural redevelopment of the supercell, maximum 18.5 dBZ ET
heights suddenly increased from 12.8 km at 0154 UTC to 14.9 km at 0204 UTC. The
first lightning jump during the storm tracking period occurred at 0211 UTC with a flash
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Figure 4.55 As described in Figures 4.7 and 4.10, corresponding to Case 12.
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Figure 4.56 Imagery at 2.4º from KGWX indicates weak organization, particularly at
midlevels, during early stages of the Case 12 storm. Times shown are 0127 and 0146
UTC. Images are shaded according to the key at the top of the figure.

Figure 4.57 Apparent reorganization of the storm is shown from the 0.5º and 2.4º
elevation angles from KGWX between 0153 and 0155 UTC. Images are shaded
according to the key at the top of the figure.

rate of 49.5 fpm and sigma level of 2.7, after which supercell features appeared more
organized, as seen in Figure 4.58. While there had been three consistent MDA detections
twelve minutes prior to the jump from 0150 to 0159 UTC and two that occurred two
minutes after at 0213 and 0218 UTC, azimuthal shear values remained steady. MAS at
0-3 and 3-6 km were generally greater, near 0.90e-2 s-1, while 6-9 km MAS was lower,
near 0.55e-2 s-1, before it could no longer be detected 0220 UTC.
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Figure 4.58 Image of supercell from the 0.5º elevation angle of the KHTX radar at
0213 UTC, two minutes after the first lightning jump was noted during the tracking
period. Images are shaded according to the key at the top of the figure.

Following the jump, supercell structure remained evident in radar imagery, taking
on a “winged” appearance, though 18.5 dBZ ET heights above 12.1 km had reduced in
horizontal extent by 0218 UTC. However, ET heights again began to increase above
14.3 km beginning at 0227 UTC. Two minutes later, a second lightning jump occurred at
0229 UTC with a flash rate of 55.5 fpm and sigma level of 6.0. The second jump, despite
its moderate-to-high sigma level, occurred in isolation with respect to any severe weather
reports or noteworthy trends in azimuthal shear or MDA data.

However, qualitative

supercell characteristics again appeared more robust in reflectivity, shown in Figure 4.59.
With the exception of the second jump period, the general trend from 0217 to 0257 UTC
was decreasing flash rates.
Coincident with uniform, weak MAS values and lowered flash rates after
0234 UTC was a merger of weaker showers that approached the supercell from the west/
southwest.

This merger likely interrupted the organizational structure of the storm.
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Figure 4.59 Image of supercell from the 0.5º elevation angle of the KHTX radar at
0232 UTC, three minutes after the second lightning jump was noted during the tracking
period. Images are shaded according to the key at the top of the figure.

While flash rates remained low and azimuthal shear had shown no change, a brief EF1
tornado was reported between 0259 and 0302 UTC. Three minutes later, coincident with
the sudden formation of a hook echo and more organized radar-inferred mid-level storm
structure, the initial report of a long-track EF3 tornado was made, lasting from 0305 until
0410 UTC. Simultaneously, 0-3 km MAS values suddenly rose from consistent values
near 0.90e-2 s-1 to a higher 1.38e-2 s-1 at 0305 UTC, followed by an increase from nearly
0.60e-2 to 0.94e-2 s-1 at 0307 UTC in 3-6 km MAS. Minutes later at 0309 UTC, the third
lightning jump of the storm was noted along with a flash rate of 28.5 fpm and sigma level
of 3.4. Consistent MDA detections resumed at 0309 UTC as well with moderate MSI
values in the 3000-4000 range. In this instance, all indicators of a strengthening storm
followed development of the strong tornado, though lightning activity and rotation
measures all reached sustained peaks as the tornado was ongoing.
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Six minutes after the third jump, the fourth occurred at 0315 UTC with a flash
rate of 61.0 fpm and sigma level of 4.8. Maximum 6-9 km MAS were not detectable
until near this time at 0314 UTC with a value of 0.48e-2 s-1, though its maximum value
rose to 0.89e-2 s-1 by 0319 UTC. Six minutes after the fourth jump, a relative maximum
in 3-6 km MAS was reached with a value of 1.43e-2 s-1 at 0321 UTC, followed at
0323 UTC by a relative maximum in 0-3 km MAS of 2.98e-2 s-1. A near-jump was noted
at 0327 UTC with a flash rate of 87.0 fpm and a sigma level of 1.9, coincident with a
sustained maximum in 0-3 km MAS as well as a MSI maximum of 4383 in MDA
detections. Flash rates continued to rise until reaching a second near-jump at 0335 UTC
with a flash rate of 102.0 fpm and sigma level of 1.9, two minutes before the maximum
flash rate of 102.5 fpm at 0337 UTC. After this time, flash rates and 0-3 km MAS values
gradually decreased as the storm propagated to the northeast, though the tornado would
not end until 0410 UTC. The storm was no longer tracked after 0400 UTC in the absence
of Level-III data from KHTX.

4.3.5 Case 13: May 16, 2010
The supercell analyzed on May 16, 2010 was a long-lived, prolific producer of
large hail. First detected on radar at 1714 UTC from KVNX at Vance Air Force Base in
Enid, Oklahoma, and then tracked at 1718 UTC, it lasted over four hours.

As it

propagated to the southeast, it became too obscured for analysis as it neared the KTLX
radar in Oklahoma City, Oklahoma by 2130 UTC.

It then began evolving into a

mesoscale convective system once it reached the eastern side of the radar.
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The cell of interest quickly emerged as the dominant cell with 18.5 dBZ ET
heights exceeding 9.1 km and surpassing surrounding cell ET heights at the time it was
first tracked. Through 1732 UTC, the first 16 minutes of analysis, it was producing flash
rates in the 3.5 to 5.5 fpm range, shown in Figure 4.60. While 0-3 km MAS values
increased quickly through this period, rising from 0.54e-2 to 1.05e-2 s-1 between 1728
and 1733 UTC, 3-6 and 6-9 km MAS demonstrated a more gradual rise. By 1731 UTC,
13 minutes after it was initially tracked, the storm was exhibiting early supercell
appearance at lower elevation angles, including a curved FFD, large precipitation region,
and a weak WER, partially shown in Figure 4.61.
The storm exhibited its first lightning jump at 1750 UTC, coincident with a flash
rate of 15.5 fpm and sigma level of 5.8. Ten minutes later, the initial radar-inferred
indications of a mid-level mesocyclone were evident with the first MDA detection
characterized by a moderate MSI of 3056 at 1800 UTC, followed at 1802 UTC by
maximum 3-6 km MAS in excess of the mesocyclone threshold with a value of
1.09e-2 s-1. Initial regions of reflectivity exceeding 60 dBZ were also evident at the 3.2º
elevation angle at 1802 UTC, corresponding to a height of approximately 4.1 km. Five
minutes later at 1807 UTC, the first TBSS was evident at the 2.4º elevation angle,
extending upward to 4.0º, or between 3.6 and 6.9 km. The second lightning jump of the
storm occurred in the next minute at 1808 UTC with a flash rate of 58.0 fpm and sigma
level of 2.9 as the area of 18.5 dBZ ET heights exceeding 12.2 km began to expand. The
second jump was followed by continued sporadic occurrence of moderate to strong MDA
detections, a sustained period of elevated 3-6 km MAS lasting from 1823 to 1832 UTC
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Figure 4.60 As described in Figures 4.7 and 4.10, corresponding to Case 13.
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Figure 4.61 The KVNX 0.5º PPI at 1731 UTC shows a developing supercell to the
extreme southwest. Reflectivity is indicative of a curved FFD, developing hook echo,
and possible weak echo region. Images are shaded according to the key at the top of the
figure.

reaching 1.43e-2 s-1, and a relative maximum in 6-9 km MAS of 1.25e-2 s-1 at 1826 UTC.
Persistent large regions of high reflectivity between 65 and 73 dBZ were also noted at
low- to mid-elevation angles along with clear TBSS signatures. A single report of 2.75in. severe hail then followed the second lightning jump by fourteen minutes at 1822 UTC.
While measures of rotation over the next 40 minutes were consistent at or
exceeding the mesocyclone threshold of 1.00e-2 s-1, a third lightning jump occurred at
1834 UTC. The jump was associated with a flash rate of 67.5 fpm and a sigma level of
2.1. While large regions of high reflectivity and TBSS had remained present within the
storm since 1807 UTC, starting at 1847 UTC and lasting through 1856 UTC, particularly
robust TBSS signatures between the 0.5º and 5.1º elevation angles, or between 1.2 and
7.3 km, were apparent along with a strong BWER and pockets of reflectivity above
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70 dBZ. These signatures are shown in Figures 4.62 as a panel of images, all designated
as exemplary signatures for this particular supercell. Along with the robust reflectivity
signatures, a second rapid increase in 0-3 km MAS was noted, though less substantial
than the first, reaching 1.81e-2 s-1 at 1853 UTC. Three minutes later, jump four of ten
occurred at 1856 UTC, coincident with a flash rate of 61.0 fpm and a sigma level of 2.4.
The peak in 0-3 km MAS was followed by a general decrease in MAS values, a 17minute interruption of MDA detections starting at 1856 UTC, and two more 4.25-in. and
2.75-in. severe hail reports at 1858 and 1902 UTC. A severe wind report was also noted
at 1910 UTC. The reports were all between two and 14 minutes after the fourth jump. A
fifth jump also occurred at 1910 UTC with a flash rate of 80.5 fpm and a sigma level of
2.6.
From 1913 through 1923 UTC, the supercell was experiencing a merger with a
cell that had approached from the southeast.

At 1933 UTC, the supercell began to

develop a prominent hook echo in radar reflectivity as it became more isolated in nature
and more reminiscent of a large HP supercell, shown in Figure 4.63. A sixth jump was
noted at 1938 UTC, five minutes later, and was associated with a flash rate of 90.0 fpm
and sigma level of 5.3.

MAS values had also been increasing during the period of

increasing flash rates, particularly in the 0-3 and 3-6 km layers as the merger was taking
place. It should be noted that the KTLX radar was utilized beginning at 1931 UTC as the
storm propagated away from KVNX.
Five minutes after the sixth jump, the 0-3 and 3-6 km MAS values that had been
increasing reached relative maxima of 2.61e-2 s-1 at 1943 UTC. At 1956 UTC, secondary
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Figure 4.62 Increasing elevation angles from KVNX are ordered left to right and down
from 0.5º to 5.1º, showing strong TBSS signatures with height between 1851 and 1854
UTC. The 4.0º panel also includes the reconstructed RHI from this period, showing a
deep BWER and large reflectivity core aloft. It should be noted that the radar is to the
right from the perspective of the RHI. Images are shaded according to the key at the top
of the figure.
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Figure 4.63 Image of HP supercell from the 0.5º elevation angle of the KTLX radar as it
propagated to the southeast at 1933 UTC. Image is shaded according to the key at the top
of the figure.

relative maxima occurred in these layers with a value of 2.13e-2 s-1, followed by a
seventh jump at 1958 UTC with a flash rate of 122.0 fpm and a sigma level of 2.1. Over
the next 20 minutes, flash rates increased gradually for the most part with the exception
of an eighth jump at 2012 UTC associated with a flash rate of 111.5 fpm and a sigma
level of 2.1. Meanwhile, 6-9 km MAS, which had been gradually increasing, was steady
around 1.00e-2 s-1; and 0-3 and 3-6 km MAS decreased to near 1.10e-2 and 1.00e-2 s-1,
respectively.
At 2013 UTC, a minute after the eight jump, the TBSS signature that had been
absent since the previous severe hail report period returned at the 6.5º elevation angle,
corresponding to approximately 8.6 km, and a redeveloping BWER was noted five
minutes later. All three MAS measures had begun increasing, with 6-9 km MAS reaching
a relative maximum at 2019 UTC, seven minutes after the eighth jump, with a value of
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1.34e-2 s-1. Twenty minutes after the jump, the beginning of a second string of severe hail
reports occurred with a report of 2.75 in. at 2032 UTC. This was followed by other
reports listed in Table 4.5.
A ninth, more substantial jump occurred at 2040 UTC with a flash rate of
156.5 fpm and sigma level of 3.9. The final MDA detection was noted four minutes after
the jump at 2044 UTC, with a MSI value of 2618. Relative maxima in all layers of MAS
were observed near this time, with 6-9 km MAS reaching 1.84e-2 s-1 at 2040 UTC, 3-6
km MAS reaching 1.74e-2 s-1 at 2034 UTC, and 0-3 km MAS reaching 2.11e-2 s-1 at
2043 UTC. All values began to decline after their maxima were reached. However,

Table 4.5 Summary of severe hail reports that occurred with the supercell in Case 13 on
May 16, 2010 in Central Oklahoma. Note that there are three columns of time and size
information, in inches, to accommodate the total 36 reports that were noted.

Time
(UTC)

Size
(in.)

Time
(UTC)

Size
(in.)

Time
(UTC)

Size
(in.)

1822

2.75

2051

2.00

2113

1.75

1858

4.25

2053

1.00

2118

1.75

1902

2.75

2055

1.75

2124

1.00

1930

1.75

2058

4.25

2125

1.25

1938

1.25

2100

3.00

2125

1.75

2032

2.75

2100

2.00

2128

2.50

2039

1.00

2106

1.75

2129

1.00

2045

1.75

2106

2.00

2130

2.00

2048

1.25

2107

1.75

2139

1.75

2050

2.50

2108

2.00

2150

1.75

2050

1.75

2110

1.75

2210

1.00

2050

2.50

2111

2.00

2313

2.00
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through this period, lightning flash rates remained elevated, reaching a relative maximum
of 149.5 fpm at 2102 UTC. Between 2040 and 2102 UTC, the timing of the ninth jump
and relative maximum in flash rate, a second subset of large hail was reported, with a
maximum size of 4.25 in. Flash rates began to decline after 2102 UTC, shortly before two
severe wind reports at 2105 and 2112 UTC occurred. Before the end of the analysis
period, a tenth and final lightning jump occurred at 2116 UTC with a flash rate of
106.5 fpm and a sigma level of 2.5. Flash rates remained high through 2130 UTC as the
storm approached the KTLX radar. From 2130 UTC forward, the supercell’s rotation
was no longer able to be reliably discerned due to its proximity to the radar. By 2150
UTC, once it had propagated to the east of the KTLX radar, the storm was becoming
outflow-dominant and began to evolve into an MCS, as seen in Figure 4.64.

Figure 4.64 Image of the 0.5º PPI from KTLX at 2152 UTC. As the supercell passed the
KTLX radar, it became increasingly outflow-dominant and began evolving into an MCS
(not shown). Image is shaded according to the key at the top of the figure.
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4.4 High Instability Environment: Cases 14-19
This subset of cases includes storms whose CAPE values exceeded 2000 Jkg-1,
indicating high environmental instability conditions and the greatest potential for deep
supercells.

These conditions are most common in the plains, where supercells more

readily develop in late spring months. While ordinary supercells that develop in highinstability environments, often coincident with “short, fat” CAPE profiles, occur in other
regions, they are less common and none were included in this study. Unique to this
subset of storms is that lightning initiation happens quickly in a high-instability
environment as the result of a robust updraft that establishes quickly within the mixedphase region. In several cases, this occurs before the precipitation region of a storm has
significantly developed or can be tracked using combined spatial and reflectivity criteria.
Despite their limited horizontal extent, cells barely visible on radar are already producing
lightning in these environments, and the time that the storm becomes evident on radar
occurs during the time of explosive growth. This explosive growth, during which time
the nascent cell develops a more substantial precipitation field that can be detected and
tracked, is often accompanied by what would be the first lightning jump.

Given the

“spin-up” period of ten minutes built into the LJA, the first jump in these instances is
missed. To allow analysis of cells within the 150-km range of the LMA to include this
early lightning activity in rapidly developing cells, the initial tracking footprint is
retroactively applied to the previous ten-minute period. In this period, a storm shows
primarily vertical development without much horizontal growth or propagation, so that
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even though the cell has not yet been detected, it is still captured by the applied tracking
footprint spatial extent.
The six storms classified as having developed in a high-instability environment all
occurred in the OKLMA domain show similar establishment and characteristics in
lightning behavior and on radar. The supercell that occurred on May 20, 2013 is used as
the fully-detailed example case for this study owing to its close proximity to the radar as
it initiated, matured, and began producing severe weather. Remaining cases occurred on
May 10, 2010; May 24, 2011; and May 19, 2013; including tornadic and non-tornadic
storms as in the previous subsection.

4.4.1 Case 14: May 20, 2013; Oklahoma
The ordinary cell that initiated in Central Oklahoma on May 20, 2013 developed
rapidly and began producing lightning within minutes of appearing on radar. It would go
on to produce high flash rates as well as severe hail and wind reports and a long-track
EF5 tornado.

The cell was first detected on radar at 1841 UTC, and reached the

horizontal size and reflectivity strength to be tracked with WDSS-II at 1859 UTC. The
retroactive footprint was applied as discussed so that storm analysis begins at 1849 UTC.
The storm analysis period lasts until 2016 UTC, at which time OKLMA data quality
began to be negatively-impacted due to loss of station communication. However, the
period from 1849 to 2014 UTC adequately captures storm initiation and development
along with strengthening of the mesocyclone.
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4.4.1.1 Radar Reflectivity and Polarimetric Analysis
In addition to a horizontal reflectivity analysis, polarimetric data were available
from KTLX in Oklahoma City, Oklahoma, allowing for more in-depth discussion of the
evolution of supercell polarimetric signatures as well as better hydrometeor identification
within the storm.

Also, given the proximity of the storm to the radar, reasonable

coverage of heights near one km was possible, specifically allowing temporal continuity
of low-level polarimetric trends such as ZDR arcs and low-level separation of ZDR and KDP
maxima.
In the late morning and early afternoon hours, clear-air radar returns from KTLX
showed the presence of a persistent radar fine line to the west-northwest, indicative of a
dry line, as well as the establishment of meridional horizontal convective rolls (HCRs).
Echoes of the first cells to develop along the boundary appeared to the south at the 0.5º
elevation angle at 1748 UTC, indicating that any existing cap was breaking in the region.
These cells quickly began to propagate to the east off of the boundary, becoming
organized isolated storms by 1831 UTC.
As the outflow from the southern cells traveled north, it interacted with the HCRs,
forming small areas of enhanced reflectivity at their intersections. The cell that would
become the supercell analyzed in this case study was first observed at 1841 UTC between
the 3.2º and 8.0º elevation angles with ET heights of 9.1 km, just east of the dry line
boundary.

The cell propagated east and continued to undergo rapid vertical growth,

colliding with a deep northward-propagating cell generated by southern storm outflow at
1858 UTC. A minute later, cell ET heights exceeding 12.2 km were noted and the storm
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was first identified by the tracking algorithm.

Reflectivity at this time is shown in

Figure 4.65.
Many storm features began to emerge near 1908 UTC.

At this time, the

convergence of the individual cells became apparent at low-level tilts with a unified
appearance at 1908 UTC, coincident with a rapid expansion in ET with heights reaching
14.0 km.

A minute later, the first lightning jump occurred.

Structurally, the high

reflectivity region of the storm appeared elongated with height, though some curvature
began appearing at the 6.4º tilt. By 1917 UTC, a reflectivity overhang region and a
developing WER were apparent.

Simultaneously, a region of reflectivity exceeding

60 dBZ was expanding, particularly at and above the 1.8º tilt. At 1921 UTC, more of the
supercell structure began to take shape, including the beginnings of a BWER and
emergence of a hook echo from the 0.5º to 6.4º elevation angles, shown in Figure 4.66.
In the following update at 1928 UTC, the ring feature in reflectivity indicating a
BWER was more apparent, suggesting development of a strong updraft capable of lofting

Figure 4.65 Reflectivity from KTLX at the 0.5º elevation angle shows the cell as it was
first identified by the tracking algorithm at 1859 UTC. Image is shaded according to the
key at the top of the figure.
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Figure 4.66 Reconstructed RHI and the 0.9º PPI from the KTLX radar at 1921 UTC.
Imagery shows a developing BWER as well as a hook echo and typical supercell
reflectivity characteristics. Note that with respect to the RHI, the radar is to the right.
Image is shaded according to the key at the top of the figure.

hydrometeors outside of its core. Simultaneously, a ZDR arc developed, and it was also
apparent at 1928 UTC that small areas of KDP above 3.0ºkm-1 were relatively wellaligned with regions of maximum ZDR near 1.0 km. The ZDR arc signature is illustrated in
Figure 4.67.
Following the development of polarimetric signatures, the hook echo had
developed significantly by 1934 UTC, elongating to the south of the storm, while the ZDR
arc continued to be well-defined at low elevation angles. At 1938 UTC, the supercell’s
BWER was much better defined, the hook feature extended through 6.4º in elevation, and
a clear ring feature was observed in reflectivity above 6.4º through 12.6º in elevation. A
depression in ρHV and a ring of high ZDR were apparent at the center of the reflectivity
ring with height, suggesting that size-sorting effects occurring at the edge of the updraft
(e.g., Kumjian and Ryzhkov 2008; Romine et al. 2009; Kumjian et al. 2010;
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Figure 4.67 Development of a maximum region of ZDR along the periphery of the FFD,
collocated with the largest gradient of reflectivity, is evident at subsequent KTLX 0.5º
PPIs at 1929 and 1934 UTC. Layout and shading are as described in Figure 4.28.

Van den Broeke et al. 2010). These signatures are shown at 1941 UTC from the KTLX
8.0º elevation angle in Figure 4.68.
At 1948 UTC, regions of maximum ZDR and KDP near the height of 1.0 km, or
2.4º in elevation, began to develop and separate, with recession of KDP to the northwest as
maximum ZDR was located further to the southeast of the supercell in the FFD region.
The progression of these signatures is shown in Figure 4.69. Eight minutes later, as other
signatures noted with the strong updraft and deep rotation were maintained and the lowlevel ZDR and KDP separation persisted, an EF5 tornado was first reported at 1956 UTC.
Shortly after this time, the storm was too near to the radar to discern signatures aloft.
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Figure 4.68 The polarimetric signature of a strong updraft is provided from the 8.0º
elevation angle from KTLX at 1941 UTC. Reflectivity is shown in the top panel, while
ZDR is given in the center and ρHV is shown in the bottom panel. As discussed, the
updraft signature is the collocation of a ring in reflectivity, a ring of large ZDR, and a core
of lowered ρHV.
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Figure 4.69 The progression of the separation of maximum regions of KDP and ZDR is
shown above between 1935 and 2009 UTC from the 1.8º to 2.4º elevation angles as
labeled in the plots. Layout and shading are as described in Figure 4.30.
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However, by 2001 UTC, a tornado debris signature (TDS) was evident by the collocation
of high reflectivity, low ZDR, and a ρHV depression through the 2.4º tilt at the prominence
of the hook echo shown in Figure 4.70 (e.g., Ryzhkov et al. 2005, Kumjian and Ryzhkov
2008; Kumjian et al. 2010; Schultz et al. 2012a,b). Over the next 15 minutes of storm
analysis, the TDS in respective radar fields strengthened, though its clarity was reduced
to lower tilts as the storm moved nearer to the radar.

4.4.1.2 Lightning and Mesocyclone Analysis
When the storm was first tracked at 1859 UTC, flash rates were low between 1.0
and 5.0 fpm through 1905 UTC, shown in Figure 4.71.

At 1907 UTC, flash rates

exceeded the 10.0 fpm threshold, and the first lightning jump of the storm occurred with
a flash rate of 49.5 fpm and sigma level of 6.4 at 1909 UTC. The time of the jump was a
minute after the rapid rise of ET heights was detected at 1908 UTC, supporting
intensification of the storm updraft that may have been inferred from a comparison
between radar imagery in Figure 4.65 and Figure 4.72. While 3-6 and 6-9 km MAS
values had been in excess of 1.00e-2 s-1 and technically above the mesocyclone threshold
defined in literature, the storm had not shown strong supercell organization or
characteristics to this point. However, at 1908 UTC, they reached relative maxima of
1.38e-2 and 1.47e-2 s-1, respectively.

Nine minutes after the jump, the first MDA

detection occurred with a moderate MSI value of 3245.
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Figure 4.70 The polarimetric tornado debris signature is shown from the 0.5º elevation
angle from KTLX at 2003 UTC. Reflectivity is shown in the top panel, while ZDR is
given in the center, and ρHV is shown in the bottom panel. As discussed, a TDS is
typically characterized by the collocation of high reflectivity, low ZDR, and lowered ρHV
at the prominence of a hook echo.
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Figure 4.71 As described in Figure 4.7, corresponding to Case 14.
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Figure 4.72 Reflectivity image of the Case 14 tracked cell from the KTLX 1.3º PPI at
1909 UTC. Image is coincident with the first jump. Image is shaded according to the
key at the top of the figure.

After the first jump, flash rates remained near 45.0 fpm until 1923 UTC when a
dip occurred with rates of 16.0 fpm. The second jump occurred at 1927 UTC with a
reinvigorated flash rate of 91.5 fpm and a sigma level of 3.3, signaling further
intensification of the storm’s updraft at the same time that it was displaying first signs of
a deep BWER in reflectivity and development of a ZDR arc. Similar to the first jump, a
second strong relative maximum of 2.40e-2 s-1 occurred in the 6-9 km MAS two minutes
before the second jump at 1925 UTC. The second jump then led two severe straight-line
wind reports at 1945 and 1947 UTC by 18 and 20 minutes, respectively. It is also worth
mentioning that around this time, the 0-3 km MAS had amplified substantially, exceeding
2.00e-2 s-1 and approaching or surpassing 2.50e-2 s-1 between 1932 and 1953 UTC.
Within this period, the first consistent TVS detections were noted, beginning at
1938 UTC.
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By the time of the third lightning jump at 1949 UTC, flash rates were remarkably
high, in excess of 100.0 fpm. The third jump occurred with a relative maximum in flash
rate of 169.5 fpm and sigma level of 2.5. MDA detections had been consistent over the
previous 30 minutes, with associated MSI increasing to a high value of 8093 three
minutes before the third jump, at 1946 UTC. Also, a minute before the jump, initial lowlevel separation of ZDR and KDP was observed (Figure 4.69). Seven minutes after the
jump, the EF5 tornado was reported, while a 2.5-in. hail report followed by 17 minutes at
2006 UTC.
The final jump of the storm occurred at 2005 UTC, one minute before the
aforementioned hail report and 11 minutes before the end of the analysis period. This
jump occurred with an excessive flash rate of 215.0 fpm and a sigma level of 6.7. While
MDA detection strength indices had fallen somewhat to the 5000 to 6000 range prior to
the tornado, they resurged to 8052 during the period between the third and fourth jumps
while flash rates were in excess of 100.0 fpm. At 2004 UTC, however, a minute before
the fourth jump, they reached an even higher value of 9246, and maintained values above
9000 through the remainder of the analysis period. Meanwhile, three minutes after the
jump, 6-9 km MAS also reached a high relative maximum of 3.87e-2 s-1 before falling
back to 2.31e-2 s-1.

4.4.2 Case 15: May 10, 2010; Oklahoma
Case 15 is comprised of the earlier of two storms selected from a supercell event
occurring on May 10, 2010 in Central Oklahoma.
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Similar to Case 14, this storm

developed in a high-instability environment supportive of tornadic supercells. During its
analysis period, it produced two severe hail and two severe straight-line wind reports,
along with four EF1 to EF4 tornadoes, including a long-track EF3 tornado that lasted
over 50 minutes. Lightning, mesocyclone, and severe reports corresponding to the storm
are presented in Figure 4.73.
Much like the case on May 20, 2013, HCRs were present in clear-air returns from
KTLX in Oklahoma City, Oklahoma on May 10, 2010, promoting the rapid vertical
growth of small cells and aiding in overcoming the environmental cap. The storm of
interest was first detected on radar at 2124 UTC at the 3.2º elevation angle. The cell
propagated to the northeast, quickly becoming unique from other cells as its maximum
ET heights grew to 13.4 km at 2146 UTC. By 2150 UTC, the storm had developed a 50
dBZ region, evident at the 1.3º elevation angle, though it remained small in horizontal
extent. At 2154 UTC, it was large enough at the height of -10ºC to be detected with the
tracking algorithm, corresponding with an expanded region of ET heights exceeding
12.2 km at 2157 UTC. Similar to the procedure applied in Case 14, the tracking footprint
at 2157 UTC was extended backward in time by ten minutes to 2144 UTC in order to
capture early lightning activity.
Flash rates during the first 12 minutes of analysis were low at ≤4.0 fpm.
However, the first jump occurred at 2156 UTC with a flash rate of 20.5 fpm and high
sigma level of 7.9 as the storm began to undergo rapid growth, shown in Figure 4.74.
Simultaneously, a small region of reflectivity exceeding 60 dBZ began developing
between 2200 UTC at 6.4º (7.3 km), developing further between 0.5º to 2.4º in elevation
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Figure 4.73 As described in Figures 4.7 and 4.10, corresponding to Case 15.
Additionally, the time during which the storm was undergoing a merger is marked with a
black line and labeled.
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(0.7 to 2.6 km) by 2203 UTC. These values were maintained until 2207 UTC, when the
first 1.75-in. hail report occurred. The second 1.00-in. hail report followed by seven
minutes at 2214 UTC. During this period, the three layer measures of MAS were roughly
identical and trended together. They all crossed the 1.00e-2 s-1 mesocyclone threshold
and remained above from 2203 to 2205 UTC though the storm continued to display
elongated structure, likely owing to the highly sheared environment (Figure 4.74). The
storm was approaching the radar as it developed, not allowing reliable ET height
detection after 2210 UTC.
occurred at 2214 UTC.

Additionally, the last reliable detection of 6-9 km MAS

However, MDA detections were still provided, though were

increasingly affected by the proximity of the storm to the radar as well. The first MDA
detection occurred at 2210 UTC with a moderate value of 3220. Five minutes later, the
second lightning jump occurred at 2216 UTC, with a flash rate of 49.5 fpm and a sigma
level of 4.7. Between 2214 and 2216 UTC, the storm began displaying an overhang and
shallow WER. Two straight-line wind reports then followed the jump at 2216 UTC by
four and 16 minutes.

Figure 4.74 KTLX 1.3º PPI reflectivity at 2150 and 2207 UTC is shown. It is evident
from the growth exhibited that the tracked storm developed quickly. Images are shaded
according to the key at the top of the figure.
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The period between the second and third lightning jumps was active in terms of
storm development and evolution of data trends.

First, azimuthal shear continued to

increase, though it should be cautioned that the 3-6 km MAS was likely only
representative of azimuthal shear very near the 3.0 km level due to the storm’s proximity
to the radar.

Second, flash rates also increased, surpassing 100.0 fpm at 2228 UTC,

indicative of the presence of a strong updraft.

Though vertical structure was not

assessable during this period, the storm began to develop a hook echo in horizontal
reflectivity by 2218 UTC, taking on the appearance of a small supercell. At 2223 UTC,
evidence of a BWER began to appear, and as the storm continued to propagate near and
to the south of the radar, it produced a third lightning jump at 2232 UTC with a flash rate
of 136.0 fpm and sigma level of 2.8. At the same time, the second straight-line wind
report was noted, and an EF4 tornado lasting 27 minutes was first reported. A second
EF1 satellite tornado was reported two minutes later at 2234 UTC, lasting through
2240 UTC. Four minutes after the third jump, a second rapid increase in lightning flash
rate occurred at 2236 UTC, associated with a high flash rate of 184.0 fpm and a sigma
level of 7.3. However, this increase was not marked as a jump by the LJA as it occurred
only four minutes after the third jump.
Starting at 2239 UTC, the supercell began to merge with a large HP supercell to
its immediate north, shown in Figure 4.75, though circulations with both storms were
maintained and the mesocyclone associated with the supercell of interest was not
interrupted. Complex storm dynamics were evident, particularly at the 0.5º elevation at
2246 UTC, when three circulations associated with the merging storms were apparent
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Figure 4.75 Progression of the supercell merger is documented from the KTLX 0.5º
elevation angle between 2239 and 2308 UTC when the storm possessed one parent
circulation. Images are shaded according to the key at the top of the figure.

(Figure 4.75). However, only the rotation associated with the parent southern supercell
was considered in the analysis. Flash rates and the fourth storm jump at 2248 UTC,
associated with a flash rate of 232.0 fpm and a sigma level of 3.3, resulted from the
combination of both storms during the merging process but continued to represent a
robust storm complex. This was reinforced by the persistence of two tornadoes through
the time of the merger, and development of a strong fourth tornado, rated an EF3,
eight minutes after the final jump at 2256 UTC.
From essentially sampling two storms and the processes associated with two
unique updrafts during the period of the merger, flash rates became atypically excessive
for a supercell, exceeding 200.0 fpm and nearing 300.0 fpm at times. Because these
values should not be interpreted to result from a single cell or single controlling updraft
and existing hydrometeors and associated charge regions cannot be assumed to be
directly associated with one dominant updraft forward from this point, further in-depth
analysis is prohibited. By 2308 UTC, a single combined structure was evident with one
defined area of parent rotation, preserved from the original storm examined in this case,
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and flash rates began to decrease under the influence of a single remaining updraft.
Shortly after the merger completed at 2324 UTC, the storm moved outside of the 150 km
range of the LMA with an EF3 tornado in progress.

4.4.3 Case 16: May 10, 2010; Oklahoma
The second storm analyzed on May 10, 2010 appeared on the KTLX radar in
Oklahoma City, Oklahoma as a multicell cluster at 2227 UTC. It was first detected for
tracking at 2243 UTC, though the same ten-minute retroactive footprint procedure was
applied with this case such that analysis began at 2233 UTC. As with the earlier storm,
the cell quickly developed vertically, displaying 18.5 dBZ ET heights in excess of
12.2 km by 2231 UTC. The storm began producing lightning even before the tracking
footprint was reapplied, with earliest tracked flash rates between 3.0 and 8.5 fpm. Flash
rates escalated more gradually than observed in the previous two cases, resulting in no
early lightning jumps, as seen in Figure 4.76.

No maximum MAS values were

identifiable early in the storm analysis period, though beginning near 2250 UTC, all
values trended similarly with similar magnitudes.
As the cluster of cells began to develop and organize, the southern cell was
somewhat more isolated and showed stronger rotation. Its reflectivity structure is shown
in Figure 4.77. The first lightning jump of the storm occurred at 2249 UTC with a flash
rate of 30.0 fpm and a sigma level of 5.3.

It was followed by the second jump at

2259 UTC, associated with a flash rate of 56.5 fpm and a sigma level of 2.14. There was
also evidence of a developing hook echo observed at 2259 UTC.
!183

250

2351

2321
2327
2315

6
5

200

4

150

3

100

2

50

1

0

0
2245

2300

2315

2330

2345

0000

10000

0.04

8000

0.03

6000
0.02
4000
0.01

2000
0

0.00
2245

2300

2315

2330

2345

Max Azimuthal Shear (s−1)

Flash Rate (min−1)
Mesocyclone Detection (Strength Index)

2249

2259

Total Lightning Sigma Level

May 10, 2010
300

0000

Storm Reports
2245

2300

2315
2330
2345
0000
Time (UTC)
Total Lightning Flash Rate
Total Lightning Sigma Level
2σ Total Lightning Jump
Storm is 100−150 km from LMA center/radars
Mesocyclone Detection
AzShear: Dash−Dotted 0−3km; Dashed 3−6km; Solid 6−9km
TVS Detection
Tornado Duration
Severe Hail Report
Severe Wind Report/Damage

Figure 4.76 As described in Figures 4.7 and 4.10, corresponding to Case 16.

!184

Figure 4.77 Depiction of the developing cell analyzed in Case 16 is shown from the
KTLX 0.5º elevation angle at 2254 and 2259 UTC. Images are shaded according to the
key at the top of the figure.

As growth continued, the southern cell rapidly became dominant, and the three
MAS values began to surpass the mesocyclone threshold at 2307 UTC, eight minutes
after the second jump. The third lightning jump occurred shortly after at 2315 UTC with
a flash rate of 139.0 fpm and a sigma level of 3.7. By 2317 UTC, two minutes after the
third jump, the southern cell had overtaken the northern cluster, resulting in a large HP
supercell, shown in Figure 4.78. At this time, a relative maximum in 6-9 km MAS of
1.22e-2 s-1 was observed along with ET heights in excess of 15.8 km, evidencing a strong
updraft. A fourth lightning jump followed at 2321 UTC with a flash rate of 196.0 fpm
and a sigma level of 2.5. A 1.00-in. hail report then followed the third and fourth jumps
by ten and four minutes at 2325 UTC. Flash rates continued to rise through this period,
reaching a maximum of 300.0 fpm at 2327 UTC, coincident with a fifth lightning jump,
six minutes after the fourth, and associated sigma level of 2.5.

It should again be

cautioned that flash rates of this magnitude may not be strictly physical (Calhoun et al.
2013). Rather than representing exact flash counts in a given period, flash rates of this
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Figure 4.78 Imagery of the 0.5º and 1.3º elevation angles from KTLX at 2317 and 2319
UTC, documenting the merger of the southern supercell with the multicell cluster to its
north. Images are shaded according to the key at the top of the figure.

magnitude associated with a single supercell may be indicative of the presence of a
robust, turbulent updraft, capable of maintaining electrification. This notion is reinforced
well in this case by the observation of multiple jumps in quick succession, including a
rapid increase in flash rates at 2325 UTC with a sigma level of 2.3 that was not
algorithmically noted as it occurred only four minutes after a previous jump.
The supercell was closest to KTLX between 2330 and 2339 UTC, obscuring
6-9 km MAS data and ET heights and likely influencing MDA detections as well.
However, the first MDA detection was noted with a moderate strength index of 3657 at
2331 UTC. MDA detections were consistent over the next 40 minutes, with the MSI
rising to a high value of 6411 at 2349 UTC and replicating 6-9 km MAS trends once the
data was available again. The fifth and final lightning jump occurred two minutes later at
2351 UTC, observed with a flash rate of 209.0 fpm and a sigma level of 2.2. Similar to
the third jump, it was noted near the time of a local maximum in 6-9 km MAS of
1.99e-2 s-1 that had occurred 2 minutes earlier, at 2349 UTC. A brief EF0 tornado was

!186

reported between 2352 and 2354 UTC, 25 minutes and one minute after the fourth and
fifth jumps, respectively. The final jump also led a severe straight-line wind report at
0001 UTC (May 11, 2010) by ten minutes. Flash rates decreased somewhat after the
final jump, though they remained above 100.0 fpm through 0013 UTC when the storm
began to merge with other cells into a developing QLCS, shown in Figure 4.79, and was
no longer tracked.

Figure 4.79 Merger of the supercell with a developing QLCS is shown at 0.5º from
KTLX at 0003 and 0012 UTC on May 11, 2010. Images are shaded according to the key
at the top of the figure.

4.4.4 Case 17: May 24, 2011; Oklahoma
The supercell outbreak that occurred on May, 24 2011 in Central Oklahoma also
evolved under the typical supporting environment of severe weather that occurs during
the spring season in the Southern Plains. Many long-lived tornadic supercells occurred,
several which produced long-track, violent tornadoes as well. The first of the two storms
analyzed from this event was a tornadic supercell that produced two tornadoes, the first
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surveyed as a long-track EF4 and the second as brief EF1; a multitude of severe hail
reports; as well as two reports of severe non-tornadic thunderstorm wind. The cell was
first identifiable in North Central Texas via radar imagery from KFDR at Frederick Air
Force Base in Altus, Oklahoma at 2044 UTC. By 2054 UTC, areas of 18.5 dBZ ET
heights began to exceed 12.2 km. Shortly thereafter, the area of the storm was large
enough to be tracked beginning at 2055 UTC, just as it crossed into the 150-km range of
the OKLMA network.
The storm quickly began to develop a core of high reflectivity as seen in
Figure 4.80, as well as sporadic strong rotation. Weak to moderate MDA detections were
first noted at 2057 UTC along with a period of flash rates between 4.0 and 10.0 fpm
between 2055 and 2119 UTC, as seen in Figure 4.81. As discussed in previous cases,
flash rates of storms outside 100 km of an LMA center may be reduced as a result of
reduced detection efficiency. This may influence the low flash rates observed with this
case as well. This is likely given that from the time the storm was first identified and
tracked in WDSS-II, maximum 6-9 km MAS was already near 1.30e-2 s-1 through 2132
UTC, signaling the presence of a strong enough updraft to promote tilting and stretching
for rotation.

Maximum 0-3 and 3-6 km MAS values also gradually increased from

approximately 0.70e-2 to 1.30e-2 s-1 between 2055 and 2125 UTC. By 2111 UTC, all
three maximum MAS values were above the 1.00e-2 s-1 mesocyclone threshold.
At 2121 UTC, the first lightning jump was noted with a flash rate of 13.0 fpm and
sigma level of 3.8.

Two minutes later, MDA detection strength began to increase,

associated with moderate to strong MSI values between 3025 and 5099 through
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Figure 4.80 As described in Figures 4.7 and 4.10, corresponding to Case 17.
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Figure 4.81 The developing storm is shown from the KFDR 0.5º PPI at 2054 and
2059 UTC as it was first identified for tracking. Images are shaded according to the key
at the top of the figure.

2140 UTC. A clear inflow notch was evident at the 1.3º elevation angle three minutes
after the jump, shown in Figure 4.82, and a weak hook echo began to develop shortly
after at 2127 UTC, becoming stronger in subsequent volume scans. During this period,
the supercell also split into left-moving and right-moving supercells.
storm was tracked for this analysis.

The right split

Ten minutes after the first, a second jump was

observed at 2131 UTC with a flash rate of 33.5 fpm and sigma level of 2.9, as the storm
was continuing to divide. A minute later, a relative maximum in 3-6 km MAS with a
value of 1.63e-2 s-1 was observed, followed by a relative maximum in 6-9 km MAS of
1.84e-2 s-1 at 2137 UTC. ET heights also began to exceed 15.2 km at 2132 UTC and
development of a WER was noted at 2139 UTC. The storm propagated to within 100 km
of the OKLMA during this period at 2135 UTC.
Flash rates continued to gradually increase following the second jump as 0-3 and
3-6 km MAS rose to between 2.00e-2 and 2.50e-2 s-1, remained relatively steady, then
reached occasional peaks near 3.00e-2 s-1.
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Simultaneously, 6-9 km MAS fell below

Figure 4.82 The KFDR 1.3º elevation angle shows that the supercell, encircled, had
developed a strong inflow notch by 2124 UTC within minutes of the first lightning jump.
Additionally, circled, it began to split into right-moving and left-moving supercells.
Image is shaded according to the key at the top of the figure.

1.00e-2 s-1 between 2149 and 2213 UTC. This was observed during the reorganization of
the parent circulation associated with the right-split supercell, shown in Figure 4.83. It
should be noted that the KTLX radar in Oklahoma City, Oklahoma was used for MAS
data beginning at 2149 UTC as the storm moved away from the KFDR radar.

The

decline in 6-9 km MAS began shortly after 18.5 dBZ ET heights diminished below 12.2
km at 2148 UTC, following the split of the FFD regions of each supercell. However,
MDA detections remained consistent and steady through this period, and the first severe
wind report of the storm occurred at 2200 UTC while flash rates were nearly steady at
70.0 fpm.
At 2221 UTC, the third jump of the storm occurred with a flash rate of 194.5 fpm
and sigma level of 2.0. A minute later at 2222 UTC, 18.5 dBZ ET heights began to
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Figure 4.83 The KTLX 0.5º PPI between 2132 and 2146 UTC shows the progression of
splitting supercells. Images are shaded according to the key at the top of the figure.

exceed 15.2 km once more and a persistent, though weak, hook echo also began to
tighten. Four minutes after the time of the third jump, the maximum flash rate of the
storm of 218.5 fpm occurred at 2225 UTC. A minute before the jump, a BWER also
became apparent in reflectivity, and TBSSs began to appear at the 6.4º elevation angle
from KTLX, corresponding to a height of approximately 7.9 km. 6-9 km MAS had only
briefly peaked above 1.00e-2 s-1 with a value of 1.25e-2 s-1 at 2213 UTC, but began to
rise steadily from 0.95e-2 s-1 at 2217 UTC, reaching 1.34e-2 s-1 at the time of the jump
and continuing to rise to an eventual maximum value of 3.53e-2 s-1 at 2251 UTC.
During the time of rising MAS values, an EF4 tornado was first reported at
2235 UTC, following the jump by 14 minutes. Through 2251 UTC, during the tornadic
period, flash rates mostly remained well above 100.0 fpm, MAS values were all
≥3.00e-2 s-1, and several strong MDA detections occurred with MSI values of 8660,
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7852, and 8191. TBSSs noted above persisted through 2245 UTC, descending through
the 1.8º elevation angle, corresponding to approximately 1.7 km. At 2250 UTC, shortly
before flash rates began to decrease, three hail reports were noted with sizes of 2.5 and
1.5 in. Ten minutes later at 2230 UTC, while the tornado was ongoing, two additional
2.5-in., a 1.75-in, and a 1.5-in. hail report occurred. A severe wind report followed at
2302 UTC, also as a one-minute EF1 satellite tornado was first reported.

The first

tornado dissipated at 2305 UTC, the same time that another 1.75-in. hail report occurred.
The final hail report of the storm was noted at 2307 UTC with a size of 1.75 in.
During the time of the numerous hail and strong wind reports, flash rates had
fallen to between 22.5 and 39.0 fpm from 2259 to 2307 UTC; likely associated with a
descending precipitation mass and disruption of the updraft. MAS values also began to
decline during this period, though remained well above 1.00e-2 s-1. After 2308 UTC, the
storm was too close to the KTLX radar for MAS values to be adequately discerned. At
2309 UTC, the final lightning jump of the storm occurred as flash rates began to rise once
more, associated with a flash rate of 74.5 fpm and sigma level of 2.2. MDA detections
remained elevated during this time with further MSI values noted between 7474 and
8308. The storm was no longer tracked after 2319 UTC as it merged with the QLCS
developing to its northwest and the characteristics related to the supercell were no longer
individually distinguishable.
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4.4.5 Case 18: May 24, 2011; Oklahoma
The second storm analyzed from the May 24, 2011 event was a non-tornadic
supercell that also developed in North Central Texas, first detected from the KFDR radar
at Frederick Air Force Base in Altus, Oklahoma at 2022 UTC. By 2130 UTC, the storm
had propagated to within the 150-km range of the OKLMA, shown in Figure 4.84,
though flash rates were low between 2.0 and 7.5 fpm through 2138 UTC, as seen in
Figure 4.85. Like the previous storm, this supercell also split early in its development
(Figure 4.84). The first lightning jump of the storm occurred at 2140 UTC with a flash
rate of 11.5 fpm and sigma level of 2.5. Six minutes later, a developed WER was evident
in reflectivity data. At 2150 UTC, ten minutes after the first jump, the second occurred
with a flash rate of 26.5 fpm and sigma level of 6.1. Up to this time, maximum 0-3 and
3-6 km MAS values had been in the range between 0.49e-2 and 0.96e-2 s-1 and between
0.52e-2 and 1.00e-2 s-1, respectively. The 6-9 km MAS, however, had been generally
higher between 0.86e-2 and 1.40e-2 s-1. At the time of the jump, maximum 6-9 km MAS

Figure 4.84 The KFDR 0.5º PPI shows the supercell, encircled, as it is first tracked at
2132 UTC. Also, it is undergoing a split during its initial analysis period. Image is
shaded according to the key at the top of the figure.
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Figure 4.85 As described in Figures 4.7 and 4.10, corresponding to Case 18.
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dropped to the 0.80e-2 to 1.10e-2 s-1 range, while 0-3 and 3-6 km MAS remained around
1.00e-2 to 1.30e-2 s-1. MDA detections had been consistently present from the time the
storm was first tracked with MSI values varying between 3239 and 6950.
The third jump of the storm occurred shortly after the second at 2158 UTC with a
flash rate of 68.0 fpm and sigma level of 4.9. Four minutes later, at 2204 UTC, a hook
echo began to develop to the southwest of the storm.

At 2214 UTC, 0-3 km MAS

reached a maximum of 2.23e-2 s-1, followed by relative maxima in 3-6 and 6-9 km MAS
of 1.47e-2 and 1.26e-2 s-1 at 2226 UTC.

The maximum flash rate of the storm of

126.5 fpm occurred at 2218 UTC. Five minutes later, the first evidence of a BWER was
apparent in reflectivity along with a more developed hook echo.

Near this time, the

KTLX radar was used for analysis instead of the KFDR radar as the storm propagated to
the east.
Flash rates diminished somewhat through 2236 UTC when they reached a
minimum of 44.0 fpm.

Between 2236 and 2252 UTC, the supercell appeared to be

cycling as the hook echo eroded and the BWER disappeared by 2243 UTC, as seen in
Figure 4.86. The 6-9 km MAS values diminished below 1.00e-2 s-1 through this period
as 0-3 and 3-6 km MAS also dipped from values above 2.00e-2 s-1 to close to 1.50e-2 s-1.
At 2252 UTC, the hook echo began to redevelop to the west of the storm along with
indications of a new BWER. The BWER was more evident in following updates.
At 2254 UTC, the final lightning jump occurred with a flash rate of 51.0 fpm and
sigma level of 2.1. Near the time of the jump, 0-3 and 3-6 km MAS reached relative
maxima of 2.28e-2 and 2.13e-2 s-1 at 2257 and 2253 UTC. Also at the time of the jump,
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Figure 4.86 KTLX 0.5º PPIs show the cycling supercell, circled, between 2239 and 2252
UTC. Images are shaded according to the key at the top of the figure.

a weak TBSS occurred at the 4.0º elevation angle, corresponding to a height of
approximately 6.9 km. In the next volumetric update at 2258 UTC, TBSSs were apparent
at lower elevation angles of 1.4º and 1.8º, or approximately 2.7 and 3.3 km. Though no
severe weather reports occurred during the time of analysis, this is possibly the result of
low population density more than storm severity.

One report of 0.88 inch hail was

associated with the storm at 2305 UTC. Following the relative maxima in MAS, all
values began to decrease through the end of the analysis period. Storm analysis ended at
2330 UTC when the supercell began to merge with another storm.
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4.4.6 Case 19: May 19, 2013; Oklahoma
The tornadic supercell analyzed from May 19, 2013 was one of many supercells
that impacted the Central Plains on this date, producing multiple severe hail and
thunderstorm wind reports as well as two EF1 and one EF2 tornado. The storm was first
visible from the KTLX radar in Oklahoma City, Oklahoma beginning at 1943 UTC as
part of a multicellular convective cluster that initiated from a dry line, evidenced by a
radar fine line. The storm began exhibiting 18.5 dBZ ET heights above 6.7 km as early
as 1954 UTC, and was first detected for tracking near this time at 1957 UTC. Similar to
the other high instability cases in which storms initiated within 150 km of the LMA, the
tracking footprint at 1957 UTC was applied to 1947 UTC.

Base reflectivity images

corresponding to these times are shown in Figure 4.87.
While initial flash rates were low at ≤6.5 fpm from 1947 to 1955 UTC, the first
jump occurred at 1957 UTC with a flash rate of 14.5 fpm and sigma level of 8.7, as seen
in Figure 4.88.

Flash rates then increased to roughly 31.0 fpm through 2005 UTC.

Maximum 0-3 and 3-6 km MAS values during this period were moderate, near 0.80e-2 to

Figure 4.87 The developing cell is documented at 1946 UTC and 1958 UTC from the
KTLX radar at 0.5º in elevation. The first lightning jump occurred at 1957 UTC. Images
are shaded according to the key at the top of the figure.
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Figure 4.88 As described in Figures 4.7 and 4.10, corresponding to Case 19.
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0.90e-2 s-1. Values of 6-9 km MAS values were slightly lower, near 0.60e-2 to 0.70e-2
s-1, but 6-9 km MAS was the first to cross the accepted mesocyclone threshold of 1.00e-2
s-1 at 2014 UTC with a value of 1.10e-2 s-1. All values lingered near the 1.00e-2 s-1
threshold through 2039 UTC, even after the second lightning jump.
The second lightning jump of the storm occurred at 2023 UTC with a high flash
rate of 139.5 fpm and sigma value of 5.7. Corresponding reflectivity structure at the time
of the second jump may be seen in Figure 4.89. TBSS signatures had been apparent as
early as 2017 UTC at an elevation of 5.1º or approximately 5.7 km, but were more
dominant in subsequent radar updates after the jump at 2026 UTC at elevation angles of
5.1º and 6.4º, or 5.8 to 7.3 km. These TBSSs were accompanied by pockets of higher
reflectivity exceeding 60 dBZ. TBSS signatures persisted through decreasing elevation
angles in subsequent updates.
At 2032 UTC, a ZDR arc began to develop in lower elevation angles. This was
followed at 2036 UTC by increasing areas of 18.5 dBZ ET heights exceeding 15.2 km.
Flash rates remained near 140.0 fpm through the next twenty minutes. Starting at 2039

Figure 4.89 KTLX 0.5º, 5.1º, and 6.4º PPIs are shown between 2023 and 2026 UTC, at
the time of and three minutes following the second jump. These images depict a BWER,
though low-level supercell structure is not particularly robust at the time. Images are
shaded according to the key at the top of the figure.
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UTC, azimuthal shear values began to increase, with 6-9 km MAS reaching 1.50e-2 s-1 at
2039 UTC, 3-6 km MAS reaching 1.32e-2 s-1, and 0-3 km MAS reaching 1.17e-2 s-1 at
2043 UTC. The storm continued to organize between 2023 and 2050 UTC as smaller
cells merged with the supercell from the southeast, periodically disrupting the ZDR arc
along the southern edge of the FFD.
At 2047 and 2051 UTC, 1.00-in. and 1.75-in. severe hail reports were noted, 24
and 28 minutes after the second jump.

The third jump of the storm occurred at

2053 UTC with a flash rate of 181.0 fpm and a sigma level of 3.2. Flash rates following
the jump increased to above 200.0 fpm for the next 14 minutes as the three MAS values
began to rise as well.

At 2117 UTC, 0-3 and 3-6 km MAS rose above 2.00e-2 s-1,

followed by the increase of 6-9 km MAS above 2.00e-2 s-1 at 2124 UTC. Near this time,
starting 24 minutes after the third jump, 1.25, 1.00, and 1.50-in. hail reports occurred at
2115, 2117, and 2118 UTC.

A severe thunderstorm wind report was also noted at

2115 UTC, simultaneous with the development of a more robust hook echo associated
with the storm.
From 2111 to 2117 UTC, flash rates dipped from above 200.0 fpm to between
143.0 and 181.5 fpm. Near the end of the period of relative minimum flash rates, the
storm also propagated outside of the 100-km range of the LMA at 2116 UTC, though
flash rates eventually rebounded and the observed minimum may not be attributed to the
distance from the LMA. The first MDA detection associated with the storm was noted
after the flash rate relative minimum at 2119 UTC with a moderate MSI value of 4061,
while subsequent detections were associated with MSI values above 6200. At 2115 UTC,
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elevation angles corresponding to ≤1.0 km depicted a newly-developed area of maximum
KDP that was removed to the northwest of the areas of maximum ZDR in the southwestern
edge of the FFD. Minutes later at 2119 UTC, the ZDR arc appeared disrupted along the
FFD in the inflow region of the supercell.

The first EF1 tornado was then reported

29 minutes after the jump, 11 minutes after the beginning of the period of decreased flash
rate, and seven minutes after the separation of low-level KDP and ZDR maxima; lasting
from 2122 to 2130 UTC.
At 2127 UTC, the ZDR arc had strongly redeveloped along the FFD, though it
became disrupted again at 2136 UTC. The second EF1 tornado occurred between 2133
and 2134 UTC, followed by a 2.60-in. hail report at 2137 UTC.

Minutes later, at

2139 UTC, flash rates decreased once more from ≥150.0 fpm to 91.5 fpm, remaining near
100.0 fpm until 2207 UTC.

While the 6-9 km MAS had remained near 2.00e-2 s-1,

0-3 and 3-6 km MAS began to increase to between 2.50e-2 and 3.00e-2 s-1 beginning at
2130 UTC. At 2141 UTC, following the second decrease in total lightning flash rates by
two minutes, an EF3 tornado was reported and lasted until 2224 UTC. During the period
of the second tornado, a BWER was observed at 2147 UTC, indicative of a strong
updraft, and the MSI values associated with MDA detections began to increase to strong
values of 7623 and 10988 between 2149 and 2214 UTC. After 2216 UTC, shortly before
the tornado ended, the BWER was no longer present. In addition to greater MSI values,
maximum 6-9 km MAS also increased to above 2.50e-2 s-1 between 2156 and 2213 UTC.
After 2207 UTC, flash rates steadily decreased as opposed to the stepped
decreases seen earlier in the storm history. Decreasing MAS values followed, beginning
!202

at 2217 UTC, along with decreasing MSI values associated with MDA detections
beginning at 2219 UTC. Though a final jump was indicated at 2231 UTC with a flash
rate of 20.0 fpm and sigma level of 3.4, flash rates around this period were generally low
near 15.0 fpm. Again, this may be partially attributed to the distance of the supercell
from the center of the OKLMA. The supercell propagated outside of the 150-km range
of the LMA at 2235 UTC and was no longer analyzed.
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CHAPTER FIVE

SYNTHESIS OF RESULTS AND DISCUSSION

Two main objectives of the study were to understand how lightning characteristics
vary temporally with respect to mesocyclone development and maintenance and how
variability in the relationship between lightning and rotation may depend on storm
environment and structural characteristics. These aspects were addressed in the previous
chapter as the progression of lightning, rotation, and qualitative storm characteristics
were discussed in detail and in comparison for each case. These individualized case
analyses provide contextual basis for any common threads or conclusions drawn from the
body of study.

Synthesized trends observed from the total 19 cases and their

environmental and structural subsets are presented here, particularly with respect to the
ordinary-to-supercell thunderstorm transition and the relationship between lightning and
mesocyclone strengthening. Additionally, observations related specifically to tornadic
versus non-tornadic supercells, consistent observations of apparently anti-correlated
behavior between MAS and flash rate in minisupercells, and challenges presented by less
common supercell environments are discussed.
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5.1 Ordinary-to-Supercell Thunderstorm Transition
The ordinary-to-supercell thunderstorm transition, as previously discussed, occurs
as the supercell’s characteristic mesocyclone develops. While the mesocyclone is most
evident in Doppler velocity data, it can also be qualitatively ascertained from emergence
of hallmark features in reflectivity data. To understand on a broader basis how lightning
relates to this specific period in the supercell life cycle, the first lightning jump is
temporally compared with qualitative radar features alongside Doppler velocity-derived
MAS in predetermined layers and NSSL MDA detections. The first jump is considered
for this part of analysis as it is thought to indicate the earliest substantial intensification of
the updraft, which is likely to signal the onset of dynamic processes that lead to supercell
development in a conducive environment.

While mesocyclone development, or

mesocyclogenesis, was not captured in all 19 cases, the combination of storm analyses
showing initial development of the mesocyclone yields 15 of the total 19 cases. Out of
these 15 cases, there was at least one lightning jump in 14.

Qualitative radar

characteristics shall include subjectively-determined initial presence of a WER, BWER,
or hook echo. It has been noted that these signatures can be observed in strong ordinary
storms, but in the context of an environment supportive of supercell development, they
can provide the first qualitative indication that supercell dynamics are evolving. Doppler
velocity-derived information of azimuthal shear is used as a measure of rotation on the
same strength and size scales as that of a mesocyclone. The time at which the dominant
MAS layer(s) first surpass and remain within 10% of or above the 1.00e-2 s-1 threshold is
considered the time of mesocyclone development from the perspective of azimuthal
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shear.

Similarly, the time of the first MDA detection marks mesocyclogenesis in an

algorithmic sense.
Table 5.1 provides the list of cases considered for mesocyclogenesis analysis.
Included in the table are case numbers, case subset type, and information concerning the
times of the first lightning jump, the transition to mesocyclonic MAS, and the first MDA
detection. The case subset types are marked by “L,” “MSm,” “MDm,” and “H.” “L”
designates the low instability environment cases (one through three), “MSm” designates
the moderate instability/shallow mesocyclone cases (four through eight), “MDm”
designates the moderate instability/deep mesocyclone cases (nine through 13), and “H”
designates the high instability cases (14 through 19). The information in Table 5.1 may
be visualized in Figure 5.1, where data is plotted in minutes with respect to timing of the
first lightning jump and the cases and observation types are differentiated based on
plotting symbol and color. Related to the first lightning jump, mesocyclogenesis was
inferred qualitatively in radar reflectivity in all cases and by azimuthal shear and MDA
detections in 13 cases.
In six of the cases represented, the lightning jump preceded all forms of observed
mesocyclogenesis while it followed all forms in three others. In the remaining five cases,
the timing of the lightning jump varied with respect to the three forms of
mesocyclogenesis observation/inference.

Distributions of observed/inferred

mesocyclogenesis across all cases illustrated in Figure 5.2 show that more than 50.0% of
the time, the first or most relevant lightning jump occurs at least 6.0 to 8.5 minutes prior
to the first indication of each observation type, leading fewer radar observations by the
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Table 5.1 Table gives information concerning observed mesocyclogenesis relative to
the first lightning jump of a storm in 14 cases. Mesocyclogenesis was observed for
each storm from the perspective of qualitative radar reflectivity analysis, MAS through
a layer reaching and remaining near or above 1.00e-2 s-1, and the first MDA detection.
Where other entries are blank, there was no observation. Cases one and two correspond
to a low-instability storm environment (L), cases four through seven correspond to a
moderate instability storm environment in which a shallow mesocyclone developed
(MSm), cases eight through 13 correspond to a moderate instability storm environment
in which a deep mesocyclone developed (MDm), and cases 14 through 19 correspond
to a high instability environment (H).
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Figure 5.1 Mesocyclogenesis observations with respect to the first lightning jump are
plotted above for each of the 14 cases. Qualitative observations in radar reflectivity are
plotted in yellow, azimuthal shear-indicated observations are plotted in purple, and
MDA-indicated observations are plotted in green. L cases (1-2) are symbolized as
diamonds, MSm cases (4-6) are symbolized as plus signs, MDm cases (9-13) are
symbolized as asterisks, and H cases (14-19) are symbolized as circles.

least amount of time and more MDA detections by the greatest amount of time. The
lightning jump occurs before the first reflectivity indication in five out of 14, or 35.7%, of
the cases and during or after in nine out of 14, or 64.3%, of the cases; before the
azimuthal shear indication of mesocyclogenesis in eight out of 13, or 61.5%, of the cases
and during or after in five out of 13, or 38.5% of the cases; and before the first MDA
detection in eight out of 13, or 61.5%, of the cases and during or after in five out of 13, or
38.5%, of the cases. The lightning jump occurs on average 0.6 minutes after reflectivityindicated mesocyclogenesis, 5.3 minutes before azimuthal shear surpasses the given
threshold, and 15.7 minutes before the MDA detection. Considering traditional methods
of radar interrogation using reflectivity and Doppler velocity, the combined IQR and
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Figure 5.2 The figure depicts the distributions of mesocyclogenesis observations
relative to the relevant lightning jump in minutes. Radar reflectivity-indicated
observations are shown in the top boxplot, azimuthal-shear indicated observations are
shown in the center boxplot, and MDA-indicated observations are shown in the bottom
boxplot. The minimum value, maximum value, 25th percentile, median, 75th percentile,
and mean of radar indications are [-42.0, 24.0, -14.0, 6.0, 11.0, -0.6]; azimuthal shear
indications [-17.0, 26.0, -4.0, 6.0, 17.0, 5.3]; and MDA indications [-24.0, 82.0, -3.0,
10.0, 33.0, 15.7].

average values indicate that the first lightning jump typically occurs very near to or only
somewhat ahead of the time of mesocyclone development and may serve best as a source
of confirmation of supercell transition under correct environmental circumstances rather
than as a prognostic indicator. However, comparing the algorithmic detections of the
MDA and LJA, the jump offers some non-trivial advantage when conditions are favorable
for supercell development.
From Figure 5.1, particular utility is suggested for low instability and shallow
mesocyclone cases when persistent strong rotation may be slower to develop, though a
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substantially larger number of storm sis required for more meaningful conclusions.
Considering the small sample of L and MSm cases alone, qualitative reflectivity-inferred
mesocyclogenesis was noted in all five cases, while MAS mesocyclogenesis observations
were noted in four of five cases. Of the five radar observations, three occurred before the
jump and the total average time of observation with respect to the jump was 10.8 minutes
before. Of the four azimuthal shear observations, three occurred after the jump and the
total average time of observation was 10.5 minutes after. Of the four MDA detections,
two occurred after the jump with a total average of occurrence of 8.5 minutes after the
jump. Although qualitative features led the first lightning jump in providing indication of
supercell transition, the jump preceded both Doppler velocity-based metrics.

In

challenging forecast environments, it is suggested that the first lightning jump coupled
with the reflectivity-inferred supercell development could potentially reinforce
confidence in a warning decision before Doppler-velocity indications are available. In
addition to testing more L and MSm supercell cases, further analysis involving nonsupercell cases in similar environments would be required to determine true utility.
Some of the extreme temporal separation between observed mesocyclogenesis
and the first lightning jump must be addressed along with trends and consistencies. This
consideration may establish instances when the jump may fail as an early indicator of
mesocyclogenesis when compared with traditional metrics of supercell identification. In
particular, cases 5 and 17 offer two examples in different environments of supercell
transition by at least one indicator that occurred well ahead of the time of the first
lightning jump in each storm. In Case 5, a MSm case from October 26, 2010 in Alabama,
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the first reflectivity-inferred supercell transition occurred at 1912 UTC with development
of a WER, 42 minutes before the first jump occurred at 1954 UTC.

The second

reflectivity-based indicator occurred at 1935 UTC with the emergence of a “winged”
quality, still 19 minutes prior to the time of the first jump. In this instance, referring to
Figures 5.3 and 4.24, it is evident that flash rates were low at <10.0 fpm through 1952
UTC. The latency of lightning development in this instance despite supercell structure
and rotation detected by the MDA may have to do with the low-topped nature of hte
storm. As discussed in section 4.2.2, ET heights did not exceed 9.1 km until 1916 UTC,
and further did not exceed 12.2 km until 1929 UTC when first consistent flash rates were

Figure 5.3 Lightning flash initiation density with time and altitude for Case 5, the nontornadic supercell that occurred on October 26, 2010 in North Alabama. There is a gray
marking distinguishing the time period that the storm was within the 100- to 150-km
range of the nearest LMA. The height of -10ºC for this case, ascertained from hourly
environmental data, is plotted as a blue line near a height of approximately 6.3 km.
Meanwhile, ET heights for this storm did not exceed 9.1 km until 1916 UTC, after which
more substantial vertical development was observed.
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noted, while the substantial lightning production took place mostly at and above 8.0 km
in the storm. The latency of the first jump is likely reflective of the low-topped nature of
the supercell and the time required for adequate mixed-phase precipitation mass to
develop at these altitudes.
Examining next Case 17, a H-category case from May 24, 2011 in Oklahoma, we
see that the first jump associated with the storm occurred between 17 and 24 minutes
after all forms of inferred mesocyclogenesis. In an environment with high instability it is
expected that the explanation in this case will not be that the storm was low-topped.
Referring to Figure 4.80, it is apparent that flash rates gradually increased through the
first 25 minutes of analysis, possibly impacted by distance from the OKLMA center. As
opposed to the previous case discussed, ET heights early in the storm analysis period at
and above 12.2 km from 2054 UTC would have been sufficient to support updraft
activity in the mixed-phase precipitation region, shown in Figure 5.4. Without further
knowledge of the dynamics of the storm, distance from the LMA offers the best
explanation at the moment of why enhanced lightning activity and the first jump was
slow to develop with respect to rotation in the storm.
In addition to considering specific cases where wide variation was noted, it was
worth investigating whether the patterns found, given the spread, result from a true
physical signal or a random relationship. To evaluate the possibility that the results could
be simulated randomly, two sets of 100 samples of times of mesocyclogenesis and the
first lightning jump were generated randomly from a uniform distribution with values
ranging between zero and 60 minutes. The time difference was taken between the sample
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Figure 5.4 Lightning flash initiation density with time and altitude for Case 17, the
tornadic supercell that occurred on May 24, 2011 in Oklahoma. The figure layout and
markings are as described in Figure 5.3. The approximate height of -10ºC for this case
was 5.8 km while ET heights were ≥12.2 km as early as 2054 UTC. The difference in
heights would have been sufficient to support updraft activity in the mixed-phase region
of the storm and promote lightning development.

of mesocyclogenesis times and the sample of first lightning jump times, similar to what
was done with the data collected, and a distribution of times of mesocyclogenesis with
respect to the first lightning jump was obtained. Statistical values were retained from this
distribution for comparison with the actual data, and the process was repeated a number
of times. After 1000 iterations, it was found that distribution statistics from the random
sample only replicate those from the data, for any mesocyclogenesis method,
approximately 5% of the time. Based on this result, it is not likely that the temporal
relationship between mesocyclogenesis and the first lightning jump is random, indicating
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that there is a physical basis. Future investigation into this issue will involve use of
bootstrapping as a more robust analysis technique.

5.2 Commonalities in Mesocyclone Strengthening
Where mesocyclogenesis was detected, it was frequently observed near to and
slightly after the time of the first or earliest relevant lightning jump.

Relationships

between subsequent jumps and rapid increases in MAS layers were also noted between
cases. To determine a rapid increase in MAS, a method similar to that used to determine
a lightning jump was utilized with the data in each three-kilometer layer. MAS data were
not binned as flash rate data because radar data are more temporally-sparse than lightning
data. However, unbinned MAS data were available at intervals of between two and five
minutes, roughly matching the interval of binned flash rate data. The change in MAS
with time (DMASDT) was evaluated at each time step of recorded data, similar to the
DFRDT (change in flash rate with time) values used and computed in the LJA. This
procedure was provided in Chapter 2. As in the LJA, an approximate ten-minute “spinup” time is forced for each layer, corresponding to two observations. The first DMASDT
value considered is compared with the previous two time steps of data, corresponding to
ten minutes at most. Each subsequent DMASDT value per time step is then compared
with the standard deviation of the previous three time steps of data, corresponding to a
minimum of six and a maximum of 15 minutes in length, depending on the time interval
of the available data. Either extreme is within five minutes of the ten-minute interval
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used for sigma level calculation in the LJA. When the DMASDT value exceeds the two
standard deviations of the previous six- to 15-minute analysis period and the associated
MAS value is at least within 10% of the mesocyclone threshold of 1.00e-2 s-1, a rapid
increase akin to a lightning jump is noted in MAS for that layer. Similar to the lightning
jump algorithm, back-to-back increases, corresponding to two increases within a four- to
ten-minute period dependent upon the time interval of available data, are not counted.
Once the MAS rapid increases are identified for each layer in a case, they are
compared between layers to identify singular increases that occurred through multiple
layers. Multi-layer increases are grouped as exemplified in Figure 5.5, then temporally
compared with lightning jumps in each case.

MAS increases within ten minutes of

lightning jumps are noted. Because it is not possible to differentiate updraft processes
responsible for lightning jumps and azimuthal shear increases, multiple MAS increases
are allowed to be associated with multiple lightning jumps. This range was chosen to
restrict associations to a time scale of ten minutes, allowing for the temporal scale of
updraft process as well as radar update periods on the order of five minutes.
The combined time distributions of jump-MAS increase associations from all
cases are shown in Figure 5.6, a detailed histogram similar to that of Figure 5.2. Each
plotted point represents a MAS increase with respect to a lightning jump and the points
are differentiated by color and symbol based on the case subset and MAS layers involved.
First evident from this plot is that a slim majority of MAS increases occurs near to and
slightly after the time of lightning jumps. The data are broken into subsets in Figures
5.7a-b to better understand the distributions from the perspective of the layers represented
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Figure 5.5 The three layer MAS values are plotted in panels such that 6-9 km MAS is
shown in the top panel, 3-6 km MAS is shown in the center panel, and 0-3km MAS is
shown in the bottom panel. Rapid increases in each layer are plotted as solid vertical
lines. At 1739 UTC, three rapid increases were noted in the three layers and are
combined as a single rapid increase. At 1756 and 1758 UTC, rapid increases were
noted in the 0-3 and 3-6 km layers and grouped to count as a single rapid increase
through both layers at an average time of 1757 UTC. Two lightning jumps occurred
during this storm at 1727 and 1805 UTC (Figure 4.44). The first lightning jump is
temporally associated with the first two 0-3 km MAS rapid increases as all occurred
within ten minutes of each other. The second lightning jump was associated with the
second grouped rapid increase between 0-6 km at 1757 UTC and the 6-9 km MAS rapid
increase at 1809 UTC. Both lightning jumps for this storm were linked with at least
one rapid azimuthal shear increase and all but two azimuthal shear increase were
associated with at least one lightning jump. Note that in this case, the sigma level
remained above 2.0 through 1731 UTC, which would have been temporally associated
with the tri-layer increase had a jump been allowed at either subsequent time step. This
situation is unique to this case.
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Figure 5.6 Rapid azimuthal shear increases with respect to lightning jumps are shown
from all cases. Associations involving 0-3 km MAS increases are plotted in yellow;
combined 0-3 km and 3-6 km MAS increases are plotted in red; 3-6 km MAS increases
are plotted in purple; combined 3-6 km and 6-9 km MAS increases are plotted in blue;
6-9 km MAS increases are plotted in green; and combined 0-3 km, 3-6km, and 6-9 km
MAS increases are plotted in gray. L (one through three) case associations are plotted
with a plus symbol, MSm (four through eight) case associations are plotted with a
diamond symbol, MDm (nine through 13) case associations are plotted with an asterisk
symbol, and H cases (14 through 19) are plotted with a circle symbol.

and the instability types. From Figure 5.7a, it is evident that more MAS increases occur
after the time of an associated jump for L and H cases, most MAS increases occur before
the time of an associated jump for MSm cases, and that MDm cases fall between the two
extremes though MAS increases still occur prior to the time of associated jumps.
Meanwhile, seen in Figure 5.7b, centers of distribution of MAS increases related to
lightning jumps shifts later in time after the jump with height. Together, the two plots
imply that fewer MAS increase/jump associations occurred in the L and MSm cases, as
well as that generally, fewer such MAS increase/jump associations occur to some extent
in the 6-9 km layer.
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Figures 5.7a-b Distribution of MAS increase/lightning jump associations based on case
subset (a) and MAS layer (b). Note that combined MAS increases are again separated
to be binned into the three original layers in (b). The minimum value, maximum value,
25th percentile, median, 75th percentile, and mean of (a) L cases (one through three) are
[-6.0, 8.0, -1.0, 4.5, 7.0, 2.8]; MSm cases (four through eight) are [-9.0, 7.0, -4.5, -3.0,
2.0, -1.4]; MDm cases (nine through 13) are [-10.0, 10.0, -5.0, 0.0, 6.0, 0.0]; H cases (14
through 19) are [-9.0, 10, -1.0, 3.0, 8.0, 2.9]; and (b) the 6-9 km layer are [-10.0, 10.0,
-1.5, 3.5, 7.0, 2.4]; the 3-6 km layer are [-10.0, 10.0, -5.0, 2.0, 7.0, 1.1]; and the 0-3 km
layer are [-9.0, 10.0, -3.0, 1.5, 6.0, 1.4] (b).
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Figure 5.8 offers another illustration of how the MAS increase/jump relationship
is distributed by MAS layer and case type.

Clearly shown, the majority of MAS

increases related to lightning jumps occurs in lower layers when the MDm and H cases
are considered. To provide more context to Figure 5.8 and encourage more meaningful
analysis, it is necessary to understand the relative numbers of lightning jumps and MAS
increases associated with each case subset, as well as the percentage of MAS increases
that are related to lightning jumps and vice versa. Table 5.2 details that not only do more
jump-MAS increase associations exist for MDm and H cases, reiterating what Figure 5.8
illustrates, but that generally, more lightning jumps and even more MAS increases occur
per case.

For low to moderate instability/shallow mesocyclone cases, the number of

lightning jumps was approximately equal per case while there was almost double the

Figure 5.8 The distribution of 69 MAS increase/lightning jump associations is shown
by case type (e.g., L, MSm, MDm, H) and MAS layer.
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Table 5.2 Table provides the number of lightning jumps and MAS increases, where
simultaneous increases are considered as one event, per case type. Information is also
given about the number of jumps per subset that are related to at least one MAS
increase.
Jumps
Associated
with MAS
Increases

Case
Type

Number of
Jumps

Number of
MAS
Increases

Cases 1-3

L

12

10

4 (33.3%)

Cases 4-8

MSm

12

28

7 (58.3%)

Cases 9-13

MDm

25

39

21 (84.0%)

Cases 14-19

H

26

49

22 (84.6%)

number of lightning jumps in roughly the same number of moderate to high/deep
mesocyclone cases.

The number of MAS increases per subset is somewhat more

interesting, showing increasing counts with increasing instability and mesocyclone depth.
These figures and trends may be expected as more robust supercells in environments with
greater instability are able to develop stronger updrafts, producing more lightning and
enhancing stretching, while deeper mesocyclones would produce greater updraft volumes
and increased precipitation mass. While Figure 5.8 alludes to the contribution of MAS
increases in different layers and the potential instability or structural influences, Figure
5.9 provides a normalized illustration of the percent contribution to MAS increases from
each layer for each case type, relying less upon knowledge of the counts shown in Table
5.2. This figure begins to demonstrate some of the complexity of understanding how
lightning jumps may be related to MAS increases based on storm environment and
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Figure 5.9 The relative contribution of each MAS layer to MAS increases for each case
type (L, MSm, MDm, and H) is provided such that percentages sum to 100 for each
instability or case type.

structure (i.e., deep versus shallow mesocyclone).

For instance, H and L cases have

comparable distributions when considering the layers of MAS increase/jump association
alone.

Specifically, the highest percentage lies within the 3-6 km layer and the next

highest in the 0-3 km layer.

The minimum representation is in the 6-9 km layer.

However, the maximum in the 3-6 km layer for L cases is much higher, while the
minimum in the 6-9 km layer for H cases is slightly greater than for L cases. The MSm
and MDm cases also show parallels between each other in that the majority of MAS
increase/jump associations exist in the 0-3 km layer while relatively few associations
exist in the 6-9 km layer.

Even here they are somewhat different, in that there are

relatively more 6-9 km MAS increases associated with lightning jumps in the MSm
subset than in the MDm subset.

However, the MDm subset has relatively fewer
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associations in the 0-3 km layer while there are considerably more associations in the
3-6 km layer.
Having viewed the data broadly from temporal and spatial perspectives, it is
worth reconsidering specific case subsets more closely. For instance, from Figures 5.7ab, 5.8, and 5.9, it is possible to get a loose understanding that the nature of the spatial and
temporal variation of the relationship between MAS increases and lightning jumps varies
based on predominate storm environment and structure. The remainder of the section
will treat each subset of environmental instability types individually, also considering the
duality of the cases that make up the moderate instability subset into deep mesocyclone
and shallow mesocyclone storms. General inferences concerning each storm type and
potential physical implications of the perceived characteristic relationship between
lightning and mesocyclone strengthening observed through lightning jumps and MAS
increases will be discussed.

5.2.1 Low Instability Cases
The three L storms sharing physical traits of having smaller structure than a
typical supercell (i.e., minisupercells) were somewhat more transient and produced more
modest reports on the spectrum of severity. Between the three storms, the average flash
rate was 21.5 fpm with a maximum of 126.0 fpm, and MAS values were typically lower,
with average MAS values between 0.60e-2 and 0.72e-2 s-1 among the three layers.
From Table 5.2, the three L cases had the fewest number of MAS increases and
the lowest percentage of lightning jumps temporally associated with MAS increases at
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33.3%. These numbers can likely be attributed to lower MAS values, which as discussed
in the previous chapter, are possibly the result of weaker instability and potentially lower
0-3 km SRH measures, noted in Table 4.3. Updrafts in lower instability environments are
more susceptible to weakening by erosion from hydrometeor loading and entrainment of
cool, less-buoyant air from other regions of the storm. It is possible that shallow pockets
of stronger upward motion were more responsible for lightning flash enhancement and
jump production than a continuous column required for vortex stretching, manifested as a
strong mesocyclone increase. This cannot be ascertained properly without some analysis
of vertical velocities associated with each storm, but should be accomplished with any
future work treating similar events. To further explore the nature of the lightning and
lightning jumps with these cases, the 12 lightning jumps that occurred can be discussed
within the framework of their sigma level, providing some insight as to the intensity of
the upward motion lending to lightning production (Schultz et al. in press). All of the
jumps from these cases are characterized by an average sigma level of 4.4. While the
maximum sigma level noted was 9.2, 75.0% of the lightning jumps have a sigma level of
less than 4.0, and 33.3% have a sigma level of less than 3.0. These figures indicate that
the majority of jumps that occurred within these cases were relatively modest; in excess
of the 2.0 sigma level requirement but relatively lower on the spectrum of jumps
observed. It is also worth mentioning that the 9.2 and stronger sigma measurements were
not associated with MAS increases, indicating that a robust jump does not imply
associated robust column stretching. This supports the idea that the stronger shear, with
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respect to buoyancy, may have tilted the column and reduced updraft and rotation
alignment.
Figure 5.10 shows the temporal distribution of L cases as related to the other case
subsets, indicating that the few associations between MAS increases and lightning jumps
typically occur such that the MAS increase follows the jump. Also, it appears that any
associated MAS increases also typically occur at lower altitudes as one 6-9 km layer
MAS increase was associated with a jump out of the three (33.3%) that occurred between
the storms while two of four (50.0%) 3-6 km MAS increases and three of five (60.0%)
0-3 km MAS increases were associated with jumps.
The vertical distribution of MAS increases associated with lightning jumps can
potentially be attributed to the smaller storm structure associated with lower-instability
environments. Shown in Figure 5.11 and Table 5.3, the average altitude of the majority
of flash initiation heights with time through the storm analysis period in the three cases
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Figure 5.10 As described in Figure 5.4, except that only the L case plot points are colorfilled.
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Figure 5.11 Lightning flash initiation density with time and altitude for L cases one
through three. Figure layout and marking are the same as described in Figure 5.3.
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Table 5.3 Case information is given, including the number, type, date, and altitudes of
the average height of -10ºC and maximum flash initiation sources, binned in onekilometer layers over the duration of the storm. Maxima were determined by relative to
other layers.
Approx.
Altitude of
Maximum Flash
Initiation
Sources [km]

Minimum
Difference
Between
Altitudes [km]

Case No.

Case
Type

Date

Approx.
Average
Altitude of
-10ᴼC [km]

1

L

7/4/2007

6

8-9

2

2

L

7/16/2007

6

8-10

2

3

L

4/11/2008

6

5-6, 8-9

-1, 3

4

MSm

10/26/2010

6

9-10

3

5

MSm

10/26/2010

6

9-10

3

6

MSm

3/2/2012

5

8-9

3

7

MSm

3/2/2012

5

9-10

4

8

MSm

4/28/2014

5

5-6, 11-12

0, 6

9

MDm

4/10/2009

4

9-10

5

10

MDm

2/10/2009

4

8-9

4

11

MDm

2/10/2009

4

8-9

4

12

MDm

4/25/2010

5

9-11

4

13

MDm

5/16/2010

5

9-10

4

14

H

5/20/2013

6

10-11

4

15

H

5/10/2010

6

10-11

4

16

H

5/10/2010

6

10-11

4

17

H

5/24/2011

6

8-9

2

18

H

5/24/2011

6

8-9

2

19

H

5/19/2013

6

10-11

4
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was near 8.5 km. This is lower than the average of 9.6 km observed in the MDm or H
storms, also demonstrated by values in Table 5.3, though the height of -10ºC is similar
between all cases. Although speculative in the absence of vertical velocity information,
this altitude gives a sense of the location of most particle collisions, possibly as a result of
the strength of the updraft. Assuming that 8.5 km marks the approximate height of a
reduction in updraft speeds for the low instability storms, it is possible that stretching in
the 6-9 km layer to produce MAS increases would not be as prevalent.
Given the small sample of 0-3 km and 3-6 km MAS increases associated with one
or more lightning jumps, and the considerable spread in timing relative to the jump(s), it
is difficult to comment on any temporal implications afforded by the data. As discussed
in earlier chapters, MAS sampled in the 0-3 km layer or 3-6 km layer may be very near to
a height of 3.0 km in each such that the two measures may be nearly identical in certain
circumstances. This situation is more likely when the storm of interest is far from the
closest radar and not well-sampled within the lowest 1.0 to 2.0 km. Radar range was not
controlled to the same extent that LMA range was in this study. That is, case times were
not eliminated from analysis due to distance from radars as they were with distance from
LMAs but best efforts were made to ensure storms were sampled from the closest radar at
all times. In future, more in-depth case studies, it would be ideal to focus on select
storms within 100 km of both a radar and LMA network. It may also be advantageous to
MAS measurements within one-kilometer versus three-kilometer layers.

For both

purposes, and to allow multi-Doppler analysis and vertical wind retrievals, data from a
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field campaign utilizing multiple radars in the vicinity of an existing or mobile LMA
would be of benefit.

5.2.2 Moderate Instability Cases
There were ten storms included in this study that are characterized by
environments with moderate instability, five each of which are also characterized by
shallow and deep mesocyclones. All of the MAS increases associated with lightning
jump(s) may be viewed in Figure 5.12, a breakout of Figure 5.6 that is similar to
Figure 5.10. Though there are many more associations to consider than with the L storms
alone, at first glance there is a similar temporal spread of the MAS increases associated
with lightning jumps. However, referring to color alone, there seem to be some slight
tendencies of associations in the 0-3 km layer to occur before the lightning jump (yellow,
red, and gray plot points) while 6-9 km layer associations have more of a tendency to
occur after the time of the jump (blue, green, and gray plot points).

This is further

visualized in Figure 5.13 where the statistical distribution is given. It is shown that for all
associations in the 3-6 km layer from storms with moderate instability, the interquartile
range is large and there does not appear to be a strong signal as to the timing of these
increases relative to a jump.

There is little difference in the distribution of the

associations in the 0-3 km layer, with more than half occurring prior the time of a jump as
well. The opposite is true when 6-9 km layer associations are considered. The results of
a rank-sum test do not allow the hypothesis that 0-3and 3-6 km layer associations are
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Figure 5.12 Image is as described in Figure 5.6, except that only plot points
corresponding to storms in environments with moderate instability are color-filled.

different to be rejected at the 0.05 or 0.10 significance levels. However, the hypothesis
can be rejected for 0-3 km and 6-9 km layer and 3-6 km and 6-9 km layer associations.
That is, the distribution of the 6-9 km layer is statistically different from the distributions
of the other two layers.
Though storm counts were identical and distributions were only subtly different
as presented in Figure 5.7, several noteworthy differences exist between the two subsets.
First, only 12 lightning jumps were accrued between the five MSm storms while 25 were
associated with the five MDm storms. There was some contrast between MAS increase
counts as well, with MSm storms in cases four through eight responsible for 28 while
MDm storms in cases nine through 13 claimed 39. Most strikingly, of the 12 lightning
jumps in the MSm storms, 7 (58.3%) were associated with at least one MAS increase,
while 21 of the 25 lightning jumps (84.0%) in the MDm storms were associated with at
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Figure 5.13 As in Figure 5.7b though referring only to associations between MAS
increases and lightning jumps from storms characterized by environments with
moderate instability. The minimum value, maximum value, 25th percentile, median,
75th percentile, and mean of the 6-9 km layer are [-10.0, 10.0, -3.0, 3.5, 6.0, 1.8];
3-6 km layer [-10.0, 10.0, -7.0, -1.5, 6.0, -0.3];
and 0-3 km layer [-9.0, 10.0, -4.0, 0.0, 5.5, 0.2].

least one MAS increase. It is plausible to discuss these contrasting figures based on the
structural differences exhibited by each subset, each of which is addressed separately.

5.2.2.1 Shallow Mesocyclone Cases
Viewing the storms that occurred in moderately unstable environments and
developed shallow mesocyclones, many similarities emerge when compared with the L
storms. For instance, there are relatively few lightning jumps and the basic flash statistics
are similar with an average flash rate of 22.3 fpm, maximum flash rate of 112.5 fpm, and
average jump sigma level of 3.0.

In fact, no sigma level was greater than 4.0.
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Additionally, few associations between lightning jumps and MAS increases were
observed.

However, this subset includes more MAS increases indicating that more

stretching occurred through the updraft column. This is potentially attributed to greater
instability that would render the updraft column less prone to the deleterious effects
described by parcel theory.
Examining the diamond symbols alone in Figure 5.12, it is evident that while
there are few associations as also observed in low instability storms, the temporal spread
does not seem to be as great. There are more associations that occurred in the 0-3 km
MAS layer, while two more also occurred within the 6-9 km layer than seen in low
instability cases. Considering the 6-9 km layer, by similar argument presented in the
previous sections pertaining to the deficiency of 6-9 km MAS increases in low instability
cases, it is possible that the few more occurred with this subset because of the increased
sample size of MSm storms.

Exemplified in Figure 5.14, flash initiation maxima

occurred as high as 10.0 to 11.0 km in some of the storms, meeting the description of
having a shallow mesocyclone.

5.2.2.2 Deep Mesocyclone Cases
The five-case subset of MDm storms have already been shown to display stark
contrast to their shallow counterparts. Flash characteristics support the difference, with
nearly double the average flash rate at 51.8 fpm and a somewhat higher maximum of
157.5 fpm. As noted, there are more MAS increases with a total of 39, 13 of which
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Figure 5.14 As described in Figure 5.11 for MSm cases four and eight.
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occurred either in part or in full in the 6-9 km MAS layer. Moreover, with 11 additional
MAS increases than included in the MSm subset, 21 of 25 lightning jumps, or 84.0%,
were associated with at least one increase. It should be noted that the lightning jumps
occurring with this subset were typically more robust with an average sigma level of 3.3,
while 72.0% of jumps were less than or equal to 3.0 sigma and 80.0% were less than or
equal to 4.0 sigma.
Viewing the temporal distribution of MAS increases with respect to the timing of
a lightning jump in Figure 5.12, the tendency of 0-3 km layer MAS increases to occur
before a lightning jump persists while a slight number of 6-9 km MAS increases
(including blue, green, and gray plot points) occur after the time of a lightning jump also
emerges.

However, the 3-6 km layer MAS increases, visualized mainly through red,

purple, blue, and gray plot points, remains widely distributed over the range of analysis.
This distribution, seen to varying extents in the current and previous subset discussions,
may be explained by the vertical structure of the supercell conceptual model.
Again, though the analysis is lacking in vertical wind retrievals, it is suggested
that stretching occurs first in the lower levels of a thunderstorm where the updraft first
acts on the column. In the 0-3 km layer, tilting and stretching could occur as a result of
this updraft to enhance vertical rotation, or mesocyclone strengthening, though minimal
electrification would occur. This is often considerably below the height of -10ºC, at and
above which most charging is assumed to take place. However, as the parcel accelerates
upward through the 3-6 km layer, it may begin to encounter the -10ºC height, while
continuing to act as a stretching agent that enhances rotation. The combination could
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result in the mix of observations of enhanced rotation before and after the time of
increased lightning production. Supposing updraft speeds of 10 to 25 ms-1, it could take
the parcel anywhere between two and five minutes to rise through each three-kilometer
layer, conceivably resulting in a difference of several minutes between observed rotation
enhancement in lower levels and increased updraft-driven flash production at relatively
higher levels. Especially for mini- to mid-sized supercells and considering the variability
in thermodynamic profiles, it is conceivable that stretching at higher altitudes may follow
any enhancements in flash rate spurred at lower levels by the rising parcel.

Further

analysis and denser observation of thunderstorm processes as well as potential modeling
studies would be necessary to evaluate the validity of this conceptual scenario.

5.2.3 High Instability Cases
The final subset of cases to be considered is that of the storms occurring in a high
instability environment. As expected, these storms exhibit a higher number of lightning
jumps with a count of 26, and a larger average flash rate of 92.9 fpm. A maximum flash
rate of 300.0 fpm was also observed, though there is some argument as to whether such a
flash rate is physical. Regardless, flash rates of this magnitude should be interpreted as
belonging to a high-intensity storm possessing a strong updraft (Calhoun et al. 2013).
Following the trend established by previous case subsets, more MAS increases were
observed at a total of 39. As potentially expected with a more robust sample of storms,
more of these occurred at higher altitudes in the H storms with a count of 16.
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Viewing the high instability cases alone out of Figure 5.6, Figure 5.15 shows a
shift in instances of MAS increases associated with lightning jumps toward increasing
positive time, indicating that more associations exist after the time of the jump. Similar
to what was observed in the previous subsections, there is a fairly wide distribution of
3-6 km layer associations across the range of analysis times. However, the offset of
0-3 km layer associations to before the time of jumps is not noted.

Putting the

visualization into a more quantitative perspective, Figure 5.16 shows the distribution of
MAS increases broken down by the layers involved, depicting nearly identical
distributions of associations between the three layers.
The distributions shown in Figure 5.16 do not imply a similar conceptual model
as seemingly observed in the moderate instability subsets. Once again, without threedimensional winds to accompany observations, it is difficult to ascertain the details that
may elucidate this contrasting distribution. One possible explanation, however, is the
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Figure 5.15 As described in Figure 5.6, though color-filled plot points correspond to H
cases only.
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Figure 5.16 As described in Figure 5.13 for storms characterized by high instability
environments. The minimum value, maximum value, 25th percentile, median, 75th
percentile, and mean of the 6-9 km layer are [-6.0, 10, -1.0, 3.0, 7.0, 2.7]; 3-6 km layer
[-9.0, 10, 0.0, 3.0, 7.0, 2.6]; and 0-3 km layer [-6.0, 10, -1.0, 3.0, 9.0, 3.2].

nature of flash production in storms with particularly strong updrafts. As discussed in
section 2.3.2, Bruning and MacGorman (2013) have found that production of turbulence
in vigorous updrafts contributes to smaller but more numerous flash rates. It is possible
that given the complexity of charge structure and hydrometeor distribution within a
robust supercell, updraft pulses lead to turbulent flash production just minutes before
MAS increases can be generated by stretching within these three-kilometer layers. As
discussed, a strong updraft is less inhibited by parcel theory implications, and could lend
to the temporal separation observed consistently in all layers.
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5.2.4 Summary of Mesocyclone Strengthening Observations
Inspection of each subset of supercell cases demonstrates further the concept that
thunderstorms, including supercells, exist on spectra of size, intensity, and defining
characteristics.

While each subset possesses defining characteristics in terms of the

frequency and the nature of how lightning jumps relate to increases in MAS through
space, some generalizations can also be made.

Specifically, one can consider

minisupercells defined either by environmental conditions or structure apart from
ordinary supercells, also defined by either criterion. Figure 5.17 shows the distributions

Temporal Relationship Between MAS Increases and Lightning Jumps
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Figure 5.17: As described in Figure 5.7a-b, though cases are divided based on case type
and azimuthal shear layer, labeled and shaded as shown in the key. The case types as
given in this plot are L and MSm, or minisupercells, and MDm and H, or typical
supercells. For L and MSm cases, the minimum value, maximum value, 25th percentile,
median, 75th percentile, and mean of the 6-9 km layer are [-3.0, 7.0, -2.0, 2.0, 6.0, 2.0];
3-6 km layer are [-6.0, 8.0, -4.5, -2.0, 3.5, -0.5];
and 0-3 km layer are [-9.0, 7.0, -5.0, -0.5, 6.0, -0.3]. For MDm and H cases, the values
for the 6-9 km layer are [-10.0, 10.0, -1.5, 3.5, 7.0, 2.6];
3-6 km layer are [-10.0, 10.0, -5.0, 2.5, 7.0, 1.2];
and 0-3 km layer are [-8.0, 10.0, -3.0, 1.0, 6.5, 1.7].
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that exist once the cases are divided in this manner, a differentiation that would be
straightforward to ascertain in a forecasting situation once the environment is understood.
The temporal relationships observed and commented on in previous sections
exists to some extent in each breakout in Figure 5.17, particularly between the 0-3 km
and 6-9 km associations. Rank-sum tests on each grouping of cases yield that there is a
significant difference between the distributions of MAS increases between each of the
three layers for the minisupercell group, Cases 1 through 8, at the 0.05 confidence level,
though no significant difference exists between any layers for the typical supercell group.
Each sample should be increased for better significance testing in future analysis. The
patterns between mini- and typical supercell MAS increase/lightning jump associations
show slight similarity, particularly in the IQR ranges.

Specifically, the 6-9 km

distributions are typically shifted later in time compared to the 0-3 km distributions with
respect to the jump with height.

Considering differences, most notably, the three

distributions associated with regular supercells are shifted later in time with respect to the
jump than minisupercells. This implies that in either environmental context, the lightning
jump could be used to confirm an impending strengthening in mesocyclone rotation with
greater probability of success at higher instabilities and greater likelihood of more
advanced notice of intensification at higher altitudes that could be beneficial in
nowcasting storm intensity. For reasons that are not entirely clear at this point in time,
the lightning jump shows more nowcast utility from the perspective of mesocyclone
strengthening at higher instabilities or in the presence of more typical supercell
characteristics and supercell-supporting environments.
!238

5.3 Observations of Potential Downdraft Interactions
Observed first and most prominently in the L and MSm cases, MAS and flash rate
maxima seemed to inversely-oscillate periodically, particularly near the end of storm
analyses. This behavior was apparent to some extent in cases one, three (L), four, five,
six, eight, (MSm), ten, 13, 16 (MDm), and 19 (H). The anti-correlation in these cases is
potentially tied to precipitation-driven downdrafts that may increase low-level vorticity
baroclinically, observed as a MAS increase, while simultaneously reducing mixed-phase
precipitation mass and related flash production.

These enhanced downdrafts are

suggested to follow periods of relatively enhanced hydrometeor lofting by the updraft,
evidenced by periods of increased lightning production and higher reflectivity aloft when
inverse oscillations are observed (Figure 4.23). As stated, the anti-correlated behavior
often occurs at the end of the storm analysis period when maximum precipitation fallout
typically occurs, and the related downdrafts would be enhanced (Figures 4.7, 4.14, 4.23,
4.24, 4.27, 4.37, 4.61, 4.77, 4.89).
The tornadic Case 4 from October 26, 2010 serves as an example of the anticorrelated MAS and flash behavior, where reflectivity imagery shows that flash rate
pulses were coincident with period of increased reflectivity in the mixed-phase region
(Figure 4.21) prior to a decrease in flash rate and an increase in MAS (Figure 4.23).
Additionally, the MAS maxima were mostly low-level, and possibly not as strongly
associated with the full updraft column. Spatial analysis of MAS with respect to the
location of the updraft would help to develop this explanation. As a second example,
Case 19 from May 19, 2013 displayed similar anti-correlation in flash rate and MAS
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during the latter half of the storm analysis period (Figure 4.89). Further, this oscillation
occurred near the time that an EF3 tornado was reported. It is suggested that this occurs
during a period of enhanced downdrafts that resulted from the fallout of mixed-phase
precipitation mass, reducing flash rates and aiding in enhancement of low-level rotation
and perhaps tornadogenesis as discussed in Markowski and Richardson’s (2014) recent
tornadogenesis theory.
Examining further potential downdraft implications in the lightning-rotation
relationship, tornadic versus non-tornadic cases are considered from the perspective of
the tornadogenesis process as presented by Markowski and Richardson (2014). Of the
19 cases examined here, 12 were tornadic. While sample sizes are too small to get an
adequate sense of any differences between storm types during mesocyclogenesis, MAS
increase/jump associations are numerous enough to allow for comparison.

The

associations corresponding to tornadic cases as well as violent (EF4 to EF5) tornadic
supercells are noted in a reproduction of Figure 5.6, seen in Figure 5.18.

From

Figure 5.18, it first appears that more non-tornadic MAS increase/jump associations
occur before the time of the jump, and the associations from violent tornadic storms trend
toward increasing positive time after the associated jump.

The distributions of

associations are shown in Figure 5.19.
From Figure 5.19, the number of associations in each group is comparable,
especially given that there were more tornadic storms in the case sample. From each
subset, one of six L associations was tornadic, five of seven MSm associations were
tornadic, eight of 26 MDm associations were tornadic; and 25 of 30 H associations were
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Figure 5.18 Reproduction of Figure 5.6 where MAS increase/lightning jump
associations from tornadic storms are boxed. Associations with red boxes indicate that
the storms produced EF4 to EF5 tornadoes.

tornadic. It should also be noted that all violent-tornadic (EF4-EF5) associations were
from the H subset. Since cases were hand-picked, the relative percentages of tornadic
associations versus non-tornadic associations should not be heavily considered, though it
should benoted that two of three L supercells, three of five MSm supercells, two of five
MDm supercells, and four of five H supercells were tornadic. Generally, tornadic and
non-tornadic supercells were evenly distributed between subsets.
The IQR of the associations from tornadic storms is shifted later in time than the
associations from non-tornadic storms, though there is no appreciable difference between
violent and non-violent tornadic associations. A rank sum test that the hypothesis that the
distributions of tornadic and non-tornadic associations are different cannot be rejected at
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Figure 5.19 The distribution of MAS increase/jump associations related to the time of
the jump is shown for non-tornadic supercells, all tornadic supercells, supercells that
produced only EF0 to EF3 tornadoes, and supercells that produced at least one EF4 or
EF5 tornado. The minimum value, maximum value, 25th percentile, median, 75th
percentile, and mean for non-tornadic associations are [-8.0, 7.0, -4.0, -0.5, 3.0, -0.2];
tornadic associations are [-5.0, 10.0, -2.5, 3.0, 7.5, 2.8];
EF0-EF3-only supercell associations are [-5.0, 8.0, -4.5, 0.0, 6.5, 1.0];
and EF4/EF5 supercell associations are [-3.0, 10.0, 1.0, 3.0, 9.0, 4.2].

either a 0.05 or a 0.10 significance level. Results from a test with violent and non-violent
associations reject the hypothesis that the distributions of each are different.

In

discussing the temporal differences, it is important to remember that 25 of the 39 tornadic
associations (64.1%) came from the H subset, which all showed associations following
the time of lightning jumps. Whether the temporal relationship observed in the H subset
is a result of the greater instability or the fact that many were associated with tornadic
storms, or due to some combination, is difficult to separate. However, considering the
tornadogenesis process proposed by Markowksi and Richardson (2014), it is conceivable
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that the rapid increases in azimuthal shear following jumps are at least partially tied to
low-level vorticity baroclinically-generated by downdrafts, partially explaining their
delay with respect to the timing of the lightning jump.

The updraft and resulting

lightning jump from enhanced hydrometeor collisions would still be loosely tied to this
process. That is, hydrometeors generated in the updraft would fall out of the storm in the
downdraft regions during and after participating in the collisions that promote
electrification and flash production. Downdrafts, and their associated cold pool, then
contribute to low-level vorticity generation as described by Markowski and Richardson
(2014). To better resolve the cause of these temporal relationships as potentially related
to downdraft processes, supercell modeling including electrification processes should be
considered in addition to the other study improvements suggested.
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CHAPTER SIX

CONCLUSIONS AND FUTURE WORK

This work was conducted as part of an effort to enhance theoretical understanding
of total lightning as it relates to thunderstorm structure and dynamics. Hopeful outcomes
from the findings of this and similar research include furthering the operational utility of
lightning data as it becomes more available.

Efforts documented here specifically

address the relationship between lightning and the rotation that establishes and defines
supercell thunderstorms to enhance nowcasting of these prolific severe weather
producers.

Main objectives of this study include analyzing lightning as it relates to

mesocyclogenesis as well as mesocyclone strengthening during supercell life cycles.
These objectives were addressed by individual case study analysis of 19 storms using
primarily total lightning data from local-extent LMA networks and processed Level-II
radar Doppler velocity data from various WSR-88D installations.

Supporting

information included environmental data, NSSL MDA and TVS detection output from
Level-III radar data, radar reflectivity and polarimetric data, and severe storm reports.
Case study analysis focused mainly upon the relationships between total lightning
flash data, processed to determine flash rates and the sigma level of rapid increases
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referred to as lightning jumps, and mesocyclonic rotation from the perspective of
maximum azimuthal shear derived from Doppler velocity data within three-kilometer
layers. The 19 cases were divided into subsets based on the instability conditions that the
storms formed in as well as their vertical structure, representing groups across the
spectrum of supercell development and intensity.

Each case study description gave

insight into lightning flash rate behavior and updraft enhancement revealed through
lightning jumps as related to storm rotation and qualitative structure.

Through each

description, patterns began to emerge for case subsets as well as across the full case
sample. First, when storm initiation was observed in case analysis, the initial lightning
jump often occurred near the time of mesocyclone development. Also, lightning jumps
generally appeared to occur near the time of maxima in azimuthal shear through varying
layers.

This relationship was more frequent in more robust supercells, while most

applicable layers also seemed to vary by subset characteristics.
The culmination of analyses yielded more general results that could be
communicated for utility in nowcasting, though generalizations based upon
environmental circumstance are possible and encouraged. Primarily, it was found that in
the sample of cases presented, an initial lightning jump typically occurs on the order of a
minute before the first detection of sustained rotation, or mesocyclone development but
can often occur on the order of ten minutes prior to mesocyclogenesis. The metric by
which mesocyclogenesis is ascertained affects the timing of detection relative to the
jump, with metrics that utilize Doppler velocity typically following radar reflectivityinferred rotation.

It was also observed that low to moderate instability/shallow
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mesocyclone cases, falling into the minisupercell category, more often develop a Doppler
velocity-indicated mesocyclone following a lightning jump. This may have to do with a
difference in the relative strength of updraft required to produce a jump versus that
required to adequately stretch the column to produce mesocyclonic rotation.

In the

instance of more robust updrafts, these events may occur almost simultaneously, reducing
the separation in temporal scales between development of the first lightning jump and
development of mesocyclonic rotation.

Further analysis including three-dimensional

wind retrievals and potentially modeling that includes electrification would assist in
developing this idea. Ultimately, the first lightning jump in an environment supportive of
supercell development could either give advanced notice of mesocyclone development in
weaker environments or indicate that recently established strong rotation may be
sustained to confirm a mesocyclone.
Carrying similar analyses into examining the relationship between MAS increases
and lightning jumps, further trends emerged more related to the circumstances under
which storms develop. Primary findings are that enhancement of rotation, inferred from
the presence of a MAS increase, occurs prior to the time of a lightning jump in the lower
levels. This is particularly true for storms initiated in environments characterized by low
to moderate instability with modest to moderate updrafts. In these cases, increases in
mid-levels, or in the 3-6 km analysis layer, occur on a broad temporal spectrum related to
lightning jumps. The complexities in dynamic and thermodynamic interactions that may
explain these observations are not accessible from the data used for this study.

It is

supposed that the range in temporal relationship may largely result from the atmospheric
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thermal profile because it relates to the height of maximum thunderstorm charging; echo
top heights, supercell vertical development, and potential instability; as well as nontrivial effects of parcel theory, including entrainment. Consistently, the storms with lower
echo tops also show that rotation enhancement in the 6-9 km layer occurs associated with
a lightning jump follows the time of the jump.

Further investigation into these

relationships minimally requires understanding of three-dimensional winds, finer
resolution of azimuthal shear data, and better understanding of thermodynamic and
microphysical structure as it relates to lightning production.
As shown, the spatial and temporal shear and lightning jump relationships in the
high instability subset of cases does not fit as readily with the conceptual model detailed
in section 5.2.2.2. Particularly, in all three-kilometer layers, increases in rotation occur
after the time of jumps.

Because of the discrepancy, further study is particularly

warranted with the additional information discussed. Without further analysis, it can be
speculated that stronger updrafts affect stretching and electrification processes in more
complex ways. Particularly influential effects may include turbulence, resulting at the
periphery of stronger updrafts, that results in smaller, more frequent flashes. By turbulent
processes, flashes may be more responsive to updraft pulses and can occur prior to the
time required to amplify rotation.

It is also possible that in higher instability

environments, downdraft interactions increase baroclinically-generated low-level
vorticity that is observed following jumps.

Modeling studies accompanying finer

observations would benefit analyses of these more robust supercells.
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Despite lack of understanding from this research as to how the relationships
observed are established, the relationships themselves do indicate potential to benefit
nowcasting.

It should be emphasized that all results are dependent first on an

environment suitable for supercell development and second upon the nature of the
environment.

The small discrepancies observed between subset types, and their

implications about environment and storm structure, relate well to the underlying
conceptual model linking rotation and flash production.

Particularly, like the updraft

controls both lightning and rotation processes, instability greatly influences the updraft.
Therefore, it is not surprising that environmental and spatial factors controlling the
updraft also assist in differentiating the nature of behavior surrounding updraft effects.
While the relationships presented here vary particularly in time, it is important to note
that where they do not promote forecasting utility they can serve a diagnostic role to
reinforce confidence in radar analysis because of implied physical links. Further analysis
and more informed analysis practices would serve in the future to strengthen these links
and determine their controls.
In particular, future field campaigns, such as VORTEX-SE or NASA Severe
Storms (A.25) or other efforts exploring tornado processes, have the potential to provide
the necessary data to enhance understanding of the spatial and temporal evolution of the
updraft and mesocyclogenesis as related to lightning production. In such a field project,
availability of radar measurements within a 100-km range of an LMA would be a primary
requirement, either accomplished near an existing LMA or with the use of a mobile LMA
network. Further, at least two polarimetric radars within short distances of each other
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would be an additional requirement for complete volumetric coverage that allows for
more reliable wind retrievals from multi-Doppler analyses.

Shorter baselines,

particularly ≤50 km, would be ideal to maximize resolution though areal coverage would
be reduced (Davies-Jones 1979). However, implementation of at least one mobile radar
would afford flexibility to a deployment strategy to meet this goal. Secondarily, a highresolution network of ground-based thermodynamic measurements to better assess the
nature of supercell cold pools and their associated wind fields would aid in understanding
downdraft effects in the vorticity generation and tornadogenesis processes.

These

measurements, coupled with complementary modeling studies that include an
electrification component, would best benefit understanding of the lightning-rotation
relationship in supercells.
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